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ABSTRACT 


Various aspects of the physical and chemical prop- 
erties of mitomycin C have been studied in order to gain 
information about the mode of action of this clinically 
important antibiotic and antitumor agent. The Lc nmr 
spectra of mitomycin C and the structurally related strep- 
tonigrin were analyzed and the peaks assigned. The strong 
conjugative interaction between the N-4 nitrogen and the 
quinone group of. mitomycin C, which has been proposed to 
account for the stability of the unreduced form of the 
antibiotic, was confirmed. 

The interaction of mitomycin C with DNA was examined 
using rapid and convenient ethidium fluorescence assays. 
This led to the development of an assay for measuring the 
ability of various agents to covalently alkylate DNA. 
Studies on the pH dependence of covalent cross-linking and 
alkylation of DNA by mitomycin C, as well as work with 
mitomycin derivatives confirmed, for the first time, the 
involvement of both the aziridine and carbamate groups in 
the covalent attachment to DNA. The step-wise nature of 
covalent cross-linking by mitomycin C was demonstrated 
and the reaction sequence involved has been determined. 
Possible mitomycin C metabolites were shown to have the 
ability to cross-link and alkylate DNA, raising the possi- 
bility of their involvement in the action of mitomycin C. 
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scission in DNA by the generation of superoxide and hydroxyl 
radicals. Evidence was obtained for the operation of a 
proximity effect in the scission process arising from the 
covalent interaction with the DNA. 

Electroanalytical experiments confirmed the short 
life-time of the semiquinone of mitomycin C. Quinone ana- 
logs of mitomycin C were prepared. Studies of the inter- 
action of these analogs with DNA supported the proposed 
preferential interaction of the aziridine group with DNA. 
The covalent cross-linking of DNA by aziridinoquinones was 
confirmed and evidence was obtained for preferential alkyl- 
ation on guanine. The ability to cross-link DNA was found 
to correlate fairly well with antitumor activity. 

Potential bioreductive alkylating agents were pre- 
pared and structure-cross-linking ability correlations 


were examined. 
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CHAPTER I 


INTRODUCTION 


The class of antitumor antibiotics known as the mito- 
sanes was discovered by Hata? in 1956 and mitomycin CC, one 
component of the culture broth, was isolated by Wakaki and 
coworkers” from Streptomyces caespttosus in 1958. Webb 
eke ae showed that the mitosane structure was a fused four 
ring system containing both an indoloquinone and an aziri- 
dine ring. This structure was confirmed by x-ray analysis, 


which also revealed the relative stereochemistry of the 


: 4 
four asymmetric centres. 


i 
Xx Y Z 
Mitomycin A OCH, OCH, H 
Mitomycin B OCH, OH CH, 
Mitomycin C NH, OCH. H 
Porfiromycin NH, OCH, CH3 


The mitosanes are antibiotics effective against both 
gram positive and gram negative bacteria, as well as against 
some viruses.” They exhibit useful activity against a 
variety of tumor cells including Erlich ascites tumor, 
Glioma 26 and Friend virus leukemia. ° Mitomycin C and 
porfiromycin appear to be the most active in this regard 
and are now in clinical use in Japan. They have been found 
to be most effective against breast, stomach, and lung can- 


cer, and cancer of the colon.’ 


Mitomycin (Gis. toxic, wlth 
tolerated doses of approximately 40 mg per course of treat- 
ment. 

The presence of an actual or potential aminoquinone 
moiety in mitomycin C, a common structural feature of other 
antibiotics and antitumor agents such as streptonigrin 2, 
actinomycin 3, rifamycin 4, and aziridinoquinones like tre- 


nimon 5, increases the interest in the mitosanes. 
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Other structural similarities to the pyrrolizidine alka- 
loids (e.g.) senkirkine 6 which also exhibit antitumor ac- 


tivity, provides additional impetus for studying this class 


Kea 


of compounds. 


Studies on the Synthesis of the Mitosanes 


Despite the considerable efforts of a number of re- 
search groups in both North America and Japan, no total syn- 
thesis of the mitosane structure has been reported to date. 

Weiss and his coworkers at Lederle Laboratories be- 
gan their synthetic studies in 1962, and in a series of 
papers® they described a stepwise approach to the synthesis 
of the four ring system. This is illustrated in Scheme l. 
Numerous attempts were made by these workers to introduce 
the aziridine ring.) “Conversion of 7 to the 1,2-hydroxyamine 
and cyclization was unsuccessful. Attempts to introduce a 
double bond between C-1 and C-2, so that other procedures 
for forming the D ring could be tried, failed due to rapid 
Tsomeni zation tO 78. 7A tinal attempt to) prepare the fused 
aziridine ring via a nitrene insertion was similarly un- 


successful. As a result, this approach to the total syn- 


thesis of the mitosanes had to be abandoned. 


However, in related work Weiss and coworkers ® did 
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develop a number of useful methods for introducing the other 
important functional groups of the mitosanes. They were 
able to combine these methods in a compatible manner to in- 
troduce both the quinone and the carbamate side chain 
(Scheme 2). This scheme was later modified by Remers” LO 
allow for the introduction of the carbamate group at C-10 
while still maintaining functionality at C-1l (Scheme 3). 
The product obtained, 7-methoxy-1l-oxomitosene oO eris=asde= 
gradation product of mitomycin A and represents the first 
link between the synthetic and degradation studies on the 
mitosanes. 


ne in Japan took an entirely 


Takada and his coworkers 
different approach. They planned to introduce the C ring 
and possibly the D ring intact into a suitably substituted 
ering, and then close tne C-9)5C-9a bond torgive: the mito— 
mycin skeleton. This approach is illustrated in Scheme 4. 
The final ring closure to give the tricyclic product in- 
volved the generation of a carbene at C-9 from the corres- 
ponding tosylhydrazone 10 and insertion at the appropriate 
Carbon of the pyrrolidine ring. Completion of the syn- 
thesis of mitomycin C by this route would require the in- 
Eroductlon Ors tnescorrect. Lunctionality at. C-7 sand C=10 and 
the preparation of the fused aziridine ring system prior to 
ineErCducE1On OL UrIngC.mewOLk Naving awbearingvonuthis last 


POlnt is described in Chapter 1V as a pant of a study on 


the preparation of mitomycin analogs. 
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A Japanese group reported the synthesis of the tetra- 
cyclic ring system of the mitosanes in eysieh They made 
use of the tricyclic pyrrolo compound 8 previously obtained 
by weiss® (Scheme 5). They were able to isomerize it to 
ileby the introduction of an ester groupsdat C-9 tne aziri- 
dine was then introduced by iodine azide addition to the 
double bond. This reaction sequence appears to hold great 
promise since a procedure has been devised for converting 
Similar compounds to the corresponding quinones.” 

Franck and Auerbach? also succeeded in preparing 
the four ring mitomycin skeleton (Scheme 6). Their syn- 
thesis began with a similar tricyclic compound 12. Singlet 
oxygen oxidation introduced a ketone at C-3. The double 
bond in fing. C was ethenvactivatedmtor 1),3-dipolan cyclo— 
addition with phenylazide. Subsequent photolysis produced 


the fused aziridine system. 
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Biosynthetic Studies 


In studies dealing with the biosynthesis of the 
mitosanes, eee found that the relative amounts of the 
different mitomycins produced by the organism could be al- 
tered by changing the culture conditions. Kirsch and his 
coworkers?? developed a chemically defined medium which 
supported production of mitosanes by a wild culture of 
Streptomyces vertictllatus. This allowed them to under- 
take a systematic study of the effect of various organic 


metabolites on mitomycin production. 
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The presence of an indole-like nucleus in the mito- 
Sane structure suggested a biosynthetic pathway involving 
the amino-acid tryptophan. However, the addition to the 
culture medium of compounds structurally or biosynthetically 
related to the indole nucleus had no effect on antibiotic 
yield. Similarly, addition of Pec sieneinen tyrosine or 


Vay 4 


ErypecOopian produced mo) label incorporation. On the 


other hand, a 


C-label was incorporated when labelled L- 

methionine was supplied to the culture medium. This, along 
with the inhibitory effect of ethionine, a known antagonist 
of biological transmethylation by methionine, suggests that 
L-methionine is involved in the methylation of sites 7 and 


9a.1° 


mks 21 has shown that 


Work by Hornemann and coworkers 
label from D-glucose and from D-ribose appears in the methyl- 
benzoquinone moiety (ring A), which is thus probably de- 
rived from these sugars. A second study with multiple- 


labelled D-glucosamine 13 suggested that this sugar was 


tncOLpoOraced intact in) thestormation.or rings.B, Gy and DD. 
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In addition, L-citrulline 14 was shown to be an intermed- 
iate in the insertion of the carbamoyl side chain of mito- 
mycin. 


Recent work by Lown and rrona, 


described the syn- 
thesis of a hexahydro-—2;,3-benzazocin—-5—one |S) and ats con- 
version via transannular interaction to a 2,3-dihydro-14- 
pyrrolo |), 2-cjandole lo, =the A,B,C parent ringssysicens 

of the mitosanes. This result led them to suggest the 


following biosynthetic scheme involving a similar trans- 


annular ring closure (Scheme 7). 
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As is readily apparent, considerable work remains to 


be done before the biosynthesis of mitomycin is fully eluci- 
dated. In Chapter II the analysis of the ac nmr spectrum 
of mitomycin C is presented. This information should prove 
useful for further biosynthetic incorporation studies in- 
volving Co labetied compounds, thus giving a more detailed 
picture of the metabolic precursors from which the struc- 


ture of the mitosanes is derived. 
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Studies on the Mechanism of Action of Mitomycin C 
Mitomycin C exhibits strong bactericidal and antineo- 

plastic activity. In addition, it also shows mutagenic ac- 
tion against both bacteria and Drosophila, causing giant 
cell formation and other abnormal growth such as filament 
formation. It produces extensive DNA breakdown and frag- 
mentation of chromosomes and is instrumental in the stimu- 
jation of chromosomal exchanges and crossing-over. Mito- 
mycin C produces selective inhibition of DNA synthesis and 
inhibits the synthesis of induced enzymes.” Thus its ac- 
tivity seems primarily to be directed toward the DNA of 
the cell. The evidence for the interaction of mitomycin 


CewiLth DNA Js Ssumnare zed ain Table Ll. 
Table 1 
Evidence for Interaction of Mitomycin C with DNA 


1. Bacteria exposed to mitomycin C exhibit an initial first 
order decline in viability that implies a single hit 
mechanism. This points to the bacterial chromosome as 
the site of action. 

2. Produces selective inhibition of monitored DNA synthesis 
in bacteria. 

3. Extensive degradation of DNA accompanies administration 
OL mitomycin: Gc. 

4. Chromosome fragmentation is a result of DNA breakdown. 

So Mitomycin Clissmutagenic tor both bacteria and droso-— 


phila. 
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Iyer and Szybalskit® carried out a series of experi- 
ments in which they isolated the DNA from bacterial cells 
that had been treated with mitomycin C. They found that 
on heat denaturation of the isolated DNA, followed by rapid 
cooling and density-gradient centrifugation, most of the 
DNA appeared at the density characteristic of renatured 
DNA rather than in the position normally occupied by dena- 
tured DNA. They concluded from this that the complementary 
strands of the DNA were being covalently cross-linked. 

The different behavior of denatured cross-linked and 
uncross-linked DNA on density-gradient centrifugation arises 
because the uncross-linked DNA does not renature to double 
stranded DNA on rapid cooling (Figure 1). This is because 
the re-registering of the separated complementary strands 
is a slow and temperature dependent process. On the other 
hand, in covalently cross-linked DNA, also called coval- 
ently linked complementary DNA (CLC-DNA), the complementary 
strands cannot completely separate on heat denaturation and 
the cross-link may serve as a nucleation point for rapid 
renaturation to double stranded DNA. Studies have shown 
that once such a nucleation point is present, the propoga- 


tion of the helix proceeds at na? = 108 base pairs per sec- 


onda: 
Shearing experiments with the cross-linked DNA pro- 


duced a decrease in the amount of double stranded DNA found 


atten heat, denaturation. (Figure 1). This indicated that the 
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Figure 1. Behavior of DNA on heat denaturation. 
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Mitomycin cross-links were infrequent. It has been esti- 
mated that mitomycin forms one cross-link per 20,000 base 
: 18 
pairs. 
The rate of covalent cross-linking was found to be 
dependent on mitomycin concentration, temperature, and 


18 


time. Evidence that cross-linking is the primary mech- 


anism producing the lethal effects of mitomycin C in bac- 
teria was supplied by Szybalski and fyers who showed that 
the rate of cell death correlated well with the degree of 
DNA cross-linking. Although mitomycin C also produces ex- 
tensive DNA breakdown, this process is slow compared to the 
rapid lethal effect on bacteria. The work of Iyer and 
Szybalski indicated that inactivation of all cell nuclei 

by one cross-link per genome should result in cell death. 
This is no doubt due to the inability of the complementary 
strands of the cross-linked DNA to fully separate thus 
making it impossible for the DNA to replicate unless some 
repair mechanism intervenes. 

Interestingly, the transforming ability of mitomycin 
cross-linked DNA is only gradually Teese This provides 
further evidence for the infrequent formation of cross- 
links. Since normally only small DNA fragments are invol- 
ved in the transforming activity, the few and widely sep- 
arated cross-links would probably not prevent the localized 


denaturation required for the transforming activity of DNA, 


unless a cross-link occurred close to the DNA fragment in- 
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volved. 

The mitomycin nucleus contains several reactive 
groups which could serve as the active sites for cross- 
linking: 

ie ene w7-amino or /-methoxy ‘group 

2.) ethewIa-methoxy on hydroxy group 

Seeeecnerazir dine ring 

4. the carbamate side chain 
Changing the 7-amino or 7-methoxy group had only a small 
effect on the lethal and cross-linking activities of the 


mitosanes.7° It has been puggesteds st. 


thats theme /aclb— 
Stituent may modify the redox potential of the quinone and 
thus effect the biological activity. Replacement of methoxy 
with hydroxyl at position 9a produced a decrease in activ- 
ity, while replacement with hydrogen produced an inactive 


compound. However, the mitosene derivative 17 in which the 


methoxy group has been eliminated is still a very active 


compound. Thus the 9a-position is also not involved in the 


ian . - 
én3y teat Ape 
=] = | 


alkylation process, and in fact, the substituent at this 
position is eliminated during activation of the mitomy- 


eines °? 


Mitomycin derivatives in which the aziridine ni- 
trogen was alkylated retained their activity, while N- 
acylated derivatives, in which protonation of the aziridine 
nitrogen is prevented, showed decreased or no activity. 
Furthermore, aziridine ring-opened compounds showed no 
cross-linking ability. Thus the strained aziridine ring 
is implicated as one of the alkylating sites. Derivatives 
in which the carbamate is replaced by hydroxyl showed de- 
creased biological activity. Methylation of the alcohol 
to give the corresponding methyl ether, produced a complete 
loss of activity. Further evidence for the involvement of 
the carbamate is provided by the demonstrated ability of 
ethyl carbamate to alkylate DNA in oan 
Attempts to induce cross-linking in purified DNA by 
mitomycin tn vitro were unsuccessful. However, if a cell- 
free lysate from mitomycin sensitive bacteria was added, 


18b This indicated 


efficient cross-linking was observed. 
that mitomycin must be activated prior to cross-linking. 

Further investigation suggested that the activation pro- 

cess was an NADPH-dependent enzymatic reduction of mito- 

mycin to its hydroquinone. Cross-linking of DNA by mito- 
mycin could also be induced by chemical reduction with 


sodium borohydride, sodium dithionite, or by catalytic re- 


duction by hydrogen. The reduced species thus formed is 
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quite unstable, since for cross-linking to be observed, DNA 
had to be added within seconds after the completion of the 
chemical reduction. Chemical reduction of mitomycin C fol— 
lowed by reoxidation gave the aziridine ring-opened deriv- 


ative +s) which showed no cross-linking ability. 


The stability of the unreduced mitomycins is re- 


lated to the resonance between forms A and B which results 


0 
of r 
CH, OCNH,, 
lec 
N 
H 
B 


in partial withdrawal of electrons from N-4 into the qui- 


none ring and consequent stabilization of the 9a-methoxy 
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substituent, an otherwise good leaving group. Iyer and 
Szybalskit®> have proposed that when mitomycin is reduced 
the conjugative interaction of the indole nitrogen with the 
six-membered ring is lost. The lone pair electrons on the 
N-4 nitrogen can then assist the elimination of the methoxy 
followed by formation of the fully aromatic indole system 
(Scheme 8). This proposal is supported by the facts that 
methanol was isolated quantitatively from reduction of 


mitomycin eos 


and that the mitomycin derivative 17 shows 
activity comparable with that of mitomycin itself. Fur- 
ther activation at C-1l and C-10 can then lead to the co- 


valently linked complex with DNA envisioned as 19. 
OH 


| DNA 


NH 
2 


The activated form of mitomycin 20 shows a striking 
similarity to pyrrole analogs of the pyrrolizidine alka- 
Voids e.g. denydrosenecionine Zl. Both ares bifunctional 
alkylating agents with similarly located linkage points. 
There is evidence suggesting that senecionine activity 


may involve covalent cross-linking of a The alkyl- 
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Scheme 8 
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ating ability of structures such as 21 may be associated 


with the possibility of alkyl-oxygen cleavage of the allylic 


ester linkages. 


OH 
0 CH, 
OH i H3 
HN : CH.,OCNH., 
CH N y N O Ce 
OH O 
CH, 
20 OH 
CH, 
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_.—» alkylating sites O \ 
CH, 


Attempts to determine the sites of alkylation on the 
DNA have been made difficult by the low frequency of cross- 
links, not exceeding one per 1,000 base pairs.+°° Iyer 
and Szybalski have shown that the degree of cross-linking 
increases with increasing (G+C) content of the De in- 


dicating that either guanine and/or cytosine are the most 


favored points of alkylation. Studies by Lipsett and 
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PAG 
Weissbach7> on the alkylation of homopolymers with ee 
labelled porfiromycin, showed fee guanosine polymers were 
alkylated to an extent at least four times higher than 
other nucleoside polymers. Attempts to alkylate 5'-AMP, 
2'-UMP, and 2'-CMP with reduced mitomycin gave no alkylated 
nucleotides. However, guanine, guanosine, and 5'-GMP all 
underwent alkylation to give two products, guanyl and di- 
guanyl-mitomycin. The alkylation of tritiated s-RNA with 
eeceterelied porfiromycin was examined. Following alka- 
line hydrolysis of the RNA, paper chromatography revealed 
two radio-labelled products corresponding to monoalkylated 
guanine and diguanyl-mitomycin. There was no evidence for 
the involvement of C-C or G-C binding sites. More recent 
work by Tomasz~" has cast some doubt on the reported chro- 
matographic separation of the mitomycin-guanine complexes, 
however, the guanine residue still appears to be the most 
likely site of alkylation. 

The N-7 and O-6 positions of guanine are the most 
sensitive to alkylation in DNA. Cross-links between the 
N-7 positions of the guanines on the opposite DNA strands 
has been postulated for cross-linking by nitrogen and sul- 
fur mustards.?> However, examination of space filling 
models of DNA and of mitomycin, revealed that the short 
(4.3 A) four carbon span between C-1 and C-10 of mitomycin 
severely limits the choice of potential binding sites on 


the pna.18¢ The best fit with the models was obtained for 
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links between the O-6 positions of the guanines. 

Further evidence against the involvement of the N-7 
position of guanine in the alkylation by mitomycin C was 
presented by Tomas27° who described a new assay to measure 
7-alkylation of guanine residues in DNA. This assay is 
based on the finding that alkylation of the N-7 position 
of guanine derivatives makes the C-8 hydrogen extremely 
labile, resulting in rapid exchange of the C-8 hydrogen 
with the solvent under physiological conditions. When DNA 
labelled with tritium at the C-8 position of guanine resi- 
dues was exposed to mitomycin C under the optimal condi- 
tions for covalent binding to DNA in vitro, no loss of tri- 
tium from the DNA was detected, thus indicating that mito- 
mycin C did not alkylate at the N-7 position of guanine 
residues in DNA. 

A recent paper by Tomasz and coworkers-- proposes 
an important role for the semiquinone of mitomycin C. They 
Suggest that the semiquinone combines with DNA in a non- 
covalent manner in a rate determining step. This interac- 
tion with DNA, which is proposed as intercalative in na- 
ture is then followed by further reduction to the hydro- 
guinone and covalent binding to the DNA. 


27 


Weissbach and Lisio used tritiated mitomycin C 


and 14 


C-labelled porfiromycin to study the alkylation of 
DNA. They found that as many as one drug molecule per 1,000 


base pairs was attached to the DNA. This is a much larger 
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figure than the one obtained by Iyer and Szybalski in their 
estimate of the extent of cross-linking. Furthermore, heat 
denatured, single stranded DNA also showed alkylation by 
labelled mitomycin. This indicated that only a small prop- 
ortion, approximately 1 in 10, of the mitomycin molecules 
that alkylate DNA is actually involved in cross-linking. 
The other molecules must either alkylate the DNA with only 
one of the active sites on the mitomycin or must alkylate 
twice on the same DNA strand. This type of mechanism, 
which will henceforth be called alkylation of DNA as op- 
posed to cross-linking of DNA, may have some importance in 
the mode of action of the mitosanes, since some mitomycin 
derivatives in which the aziridine ring has been opened 
retain their biological activity, aithough it istgqreatly 


2Z0D7c 


reduced. Similarly, other monofunctional alkylating 


agents are known which also exhibit biological activity.-° 
For the most part, however, monofunctional alkylating a- 
gents tend to be less active than the corresponding bifunc- 
tional compounds. Thus alkylation of DNA, although it 
does not appear to be a primary mechanism must be consid- 
ered as a possible secondary mode of action. 

It has been reported that mitomycin C produces ex- 
tensive DNA breakdown.7” Although this process: is réela- 
tively slow compared to the rapid lethal effects of mito- 


mycinec on bacterial cells, 1t has "been suggested sas» a 


possible mode of action for the drug. A similar mechanism 
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has been proposed for other antitumor aay ree 


The DNA 
breakdown has been explained as being related to the ex- 
cision phenomenon connected with the repair of mitomycin- 
alkylated DNA, owing to the stimulated production of exo- 
nucleases. ?+ 

Thus the mode of action of mitomycin C appears to 
be two-fold: 

2] Cross-linking and alkylation of DNA 

2. degradation of DNA 
As a part of our work on mitomycin C, the cross-linking, 
alkylation and degradation of DNA by this antitumor anti- 
biotic was examined by a rapid and convenient ethidium 
bromide fluorescence assay. The cross-linking and alkyla- 
tion of DNA by mitomycin C and some of its derivatives was 
studied#as a function of pH in order to obtain information 
about the sequence of the cross-linking event. The prefer- 
ence for alkylation at guanine bases was examined by a 
study of cross-linking with DNAs of different (G+tC) con- 
tent. An electrochemical study of the reduction of mito- 
mycin C was carried out and the redox potentials obtained 
were related to the proposed mode of action of the anti- 
tumor agent. Estimated lifetimes of the intermediates in 
the reduction of mitomycin C were determined from cyclic 
voltammetry and related to the proposed involvement of the 
semiquinone in the mechanism of action. The degradation 


of DNA by mitomycin C was explored by examining the induc- 
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tion of single strand scissions in covalently-closed cir- 
cular DNA (CCC-DNA) by the ethidium fluorescence assay. 
The details of these studies, the results obtained, and 
their relation to the mode of action of mitomycin C are 


described in Chapter III of this work. 
Studies on Mitomycin Analogs 


Despite changes involving the substituents on the 
mitomycin skeleton, many mitomycin derivatives still show 


BULA OlLIC onGeantircuMmoL activity.?° 


All of these com-_ 
pounds seem to have one common feature, the quinone ring 
system. Other benzoquinone derivatives have been shown to 
be good antibiotics and antineoplastic Bcents— Many of 


these, including the clinically important antitumor agent, 


trenimon, 22, have other features in common with the mito— 


mycins, such as aZiridine and carbamate groups. For the 
most part, their mode of action has been proposed to in- 


volve alkylation of DNA. 
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A series of amino and hydroxy benzoquinones have 
been synthesized and their antitumor activity testea.?> 
More recently, Nakao and Arakawa?’ have prepared a series 
of quinones containing both aziridine and carbamate substi- 
tuents in a configuration closely resembling that of mito- 
mycin C. Tests revealed that many of these compounds were 
very active antitumor agents and in several cases much more 
active than mitomycin C itself. Since it seemed likely 
that the mechanism of action of these compounds involved 
cross-linking or alkylation of DNA, we undertook to syn- 
thesize some of them and to study their interaction with 
DNA using the ethidium fluorescence assay. Other aziri- 
dinoguinones that had exhibited antineoplastic activity 
were also prepared and studied. An effort was made to cor- 
relate the biological activity of these compounds with 
their structure. Results of these experiments are reported 
in’ Chapter “iV. 

Because of the relatively short span (4.3 A) be- 
tween the alkylating sites of mitomycin C, the number of 
possible alkylating sites on DNA is limited. In order to 
provide greater conformational flexibility between the 
alkylating centres, a series of mitomycin analogs in which 
the C-9, C-9a bond had been broken were prepared, and their 
alkylating and antitumor activities were investigated. 
These studies are also described in Chapter IV. 


Recently, Sartorelli and coworkers have begun a study 
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on potential bioreductive alkylating agents related to the 


23795 


mitosanes. It had previously been proposed that the 


portions of mitomycin essential for biological activity 
could be represented as rae Sartorelli suggested that 


charge delocalization of the corresponding hydroquinone 


could result in o-quinone methide-like intermediates which 


could act as the alkylating agent (Scheme 9). Consequently, 


they prepared a series of substituted naphthoquinones 24 


and structurally similar p-benzoquinones 25 which on reduc- 


tion could form quinone methides and thus would have the 
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Scheme 9 


DNA DNA 


OH 


| DNA 


potential to alkylate DNA. These compounds were tested for 
antitumor activity both in vttro and in vivo and many were 
found to show significant activity on reduction. 

Compounds of this type, especially those having 
carbamate side chains at X and Y, were of interest to us 
since a study of their ability to alkylate DNA could pro- 
vide useful information about the alkylating ability of 
the carbamate group in mitomycin C. As a result, a series 
of isomeric benzoquinones wae prepared and tested for cross- 
linking and alkylating ability. With the collaboration of 
Dr. Sartorelli, these compounds are being tested for anti- 
tumor activity and possible structure-activity relation- 
ships will be examined. These experiments are presented 
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' CHAPTER II 


THE Lhe AND ly NUCLEAR MAGNETIC RESONANCE SPECTRA OF 


MITOMYCIN C AND STREPTONIGRIN 


Mitomycin C and other related mitosanes are potent 


antibiotics” and are presently in clinical use in Japan as 


, Considerable interest has been shown 


in their biosynthesis?? 1? and in their electronic struc- 


antitumor agents. 


ture and conformation as it relates to their mode of ac- 
ftonee 
We undertook to carry out spectroscopic studies, in- 
cluding the natural abundance cc spectrum of mitomycin C 
and the structurally related streptonigrin. °° It was hoped 
that the position of the quinone resonances would provide 
information about the proposed stabilization of mitomycin 
Clin vivo... in) addition a full analysis of the aC spectra 
of these antitumor agents could possibly assist in further 


134 label- 


biosynthetic studies employing incorporation of 
led substrates and in characterizing synthetic analogs. 
The stability of the oxidized form of the mitosanes 


has been attributed to resonance between forms A and B 


O 

r 0° 7 
—_——_—_ —_—_ ir 
CH, a, OCH, 
N 
CH N 
) H CH, 0 NH 
A B 
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which results in partial withdrawal of electrons from N-4 
into the quinone ring and consequent stabilization of the 


7S) Such con- 


9a methoxy, an otherwise good leaving group. 
jugative interactions would be expected to shift the posi- 
tion of the quinone carbonyls to higher field as compared 
to unconjugated quinones. The spin decoupled ni nmr spec- 
trum of mitomycin C was also obtained to gain information 


about the conformation of the antibiotic in solution. 


The an Nuclear Magnetic Resonance Spectrum of Mitomycin C 


A 100 MHZ pmr spectrum of mitomycin C in pyridine- 


d,. was obtained (Figure 2). 


ments were carried out in order to assign all of the pro- 


Double irradiation experi- 


ton signals and to determine the proton-proton coupling 


constants (Table 2). The double irradiation experiments 


Table 2 


Double Irradiation Experiments on Mitomycin C at 
100 MHz - Proton Spectrum 


Proton Decoupling CE eae eee 
Irradiated Frequency (Hz) Original Form Final Form Coupling (Hz) 
Bio : 538 d ay 3.96 (Hg) d Jy 10 = 10.5 
Bio 502 d of d, 3.96 (Hg) d Jg 10! = 4.5 
H, 453 d of d, 3.56 (Hy,) d Jy gf 25 
Hy 400 of d, 5.36 Hyg? d Ji o°J191* 10.5 
Hy 400 t, 5.00 (H, 9) d Jy0,10° = 10.5 
Hy. 358 d, 4.50 (H,) s J33: = 13 
Hye 358 of d, 2.68 (H,) d Ji = 4.5 
H, 270 of d, 3.56 (H3.) d ag Gk 
Hy 270 d, 3.08 (H,) 8 Jy = 4.5 
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Figuces2251005MHZ pm Spectrum of mitomycin’ c 


in pyridine-d,. 


zie) 


reveal tnat. the C-10 methylene protons: ate 0.5.00) and) 5.736 
are diastereotopic with unequal couplings of 10.5 and 4.5 
H25co the .C-amethane proron.. © in addition, the aihedral 
angle of H-C,-C3-H, is 90° since the vicinal coupling 
constant, J53 = 0, in agreement with the molecular geometry 
for the solid phase as indicated by x-ray analysis of the 
N-brosyl derivative of mitomycin ee The observed value 
of Ji5 = 4.5 Hz is also consistent with ectis-coupled aziri- 
dine ring protons. The broad signals in the region 6 3.7- 
4.6 (3H) were exchangeable with deuterium oxide and are 
assigned to NH and NH, protons. 

This information on the conformation of mitomycin 
C in solution is of interest in connection with its pro- 
posed mode of antibacterial action, which as discussed 
above is believed to involve cross-linking of the comple- 
mentary strands’of DNA by bifunctional alkylation at the 
reactive centres C-1 and C-10. 


The eC NMR Spectrum of Mitomycin C 


A natural abundance re noise decoupled nmr spectrum 
WaswoObtained at 25.15 MHz on a 0.224 M solution of mito- 
mycin Cein pyridine-d,. All fifteen carbons are clearly 
distinguishable and appear as singlets. The spectrum 
(Figure 3) can be divided into three regions, low field 
carbonyl carbons, middle range quinone ring and quaternary 


carbons, and saturated carbons at high field. 
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The following carbons could be readily assigned by 
comparison with commercially available ethyl carbamate 26: 
Octo. 00 C— 10am carbamate -carbony])\,> 6.62.7) (C=L0;, CH.) . 


In contrast, the poor agreement for the quinone ring carbon 


L 
CH ,CH.OCNH., 


60.4 158.4 


re) 
fop) 


Signals) ato 04.57 2107.0,, 150.07 sand, 156.0) ana tor, the 
carbonyl resonances at 6 178.6 and 176.8 with those of the 
quinone models 277 20,.4nd) 29 -signatied an unusual struc— 


ture for the quinone moiety of mitomycin C. Resonance 


Ay ase! 9 187.0 
CH 
3 CH 
136.6 140.4 | 
CH 
CH, 3 
o7 28 29 


interaction of the type shown in A and B could explain the 
poor agreement with the simple quinone models. 
Pullman and Pullman have pointed out the strong con- 


jugative interaction of groups directly attached to the 
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quinone ring. 7 Since similar conjugative interaction has 

been established in simple aminoquinones by other spectro- 

scopic means,>° we Sought anformation on!) this. (A <> 6B) in- 
ies 


teraction and confirmation of the C signals of mitomycin 


C by examining compounds 30 - 34. 
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The pyrrolidine and pyrroline quinone models BOs. 30 
were prepared by reaction of the five-membered ring hetero- 


cycle with the appropriate quinone under oxidative condi- 


Sie) 


tions. The introduction of the 2,5 nitrogen substituents, 


EN 


Ga(OAc),"H,o 


ee 


Particularly the amino group in 34) produced much better 
agreement for the C—-s and C-5 carbonyls at 6 1/8-6 and 
176.8 respectively. Model 34 also permits the assignment 
Orton)» OL 0mtOwC—71, 01 Loo .0, tOmC—5a,7 and. 6 /L04 55 7and)10720 
to C-6 and C-8a, although at the present the latter pair 
cannot be discriminated further. 

In order to observe the peak multiplicities, we also 
recorded the off-resonance decoupled aie nmr spectrum of 
macomvcan, C. (Table 3). sihe 62.7 ppm - absorption became a 
triplet under these conditions confirming its assignment 
as C-10. The only other triplet signal at 50.7 ppm is 


therefore unambiguously assigned to C-3, consistent with 
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Table 3 


13, Chemical Shifts in ppm from TMS of Mitomycin C as 0.224 M Solution 
in Pyridine-d. at 25.15 Miz. ? 


5 
Chemical Shift Multiplicity” Carbon Assignment 

178.6 | 8 8 
176.8 8 5 
158.0 s 30a 
156.0 8 Sa 
150.0 8 7 
111.0 re) 9a 
107.0 S 6 
104.5 8 i” 
62.7 t . - 10 

50.7 t 3 
49.7 (q) 9a-OCH, 
44.5 d 7 9 

36.8 d 

32.8 d 1 

8.7 q 6-CH, 


Determined by off-resonance decoupling 


t Lock signal pyridine-d,. Chemical shift data using a 4K data 


set are accurate to +0.05 ppm. 


models 30, 31, and 33. The absorption at 6 8.7 became a 
“quartet under off-resonance decoupling and the Signal at 
6 49.7 appeared as a doublet but may well have been a quar- 
tet. On the basis of this information and by comparison 
Wictes4 = che. = CH, carbon was assigned to § 8.7. There- 
fore the 6 49.7 peak was ascribed to the 9a-methoxy carbon. 
The line position is also in excellent agreement with lit- 
erature values of 51.0 ppm for methoxy eroups. > Eight 
Signals appeared as singlets. All except the line at 111.0 
ppm have previously been assigned, allowing its assignment 
tosG—oa. 

Three signals appeared as clean doublets on off- 
resonance decoupling, at 44.5, 36.8, and 32.8 ppm, corres- 
ponding to the three methines in mitomycin C. Models 35 


and 36 indicate aniupfield shift of the aziridine carbons 


H 
N 
48.5 sa ee 
44, 
N 
146.4 14456 
Weak: 121.6 
114.8 T1So 
155.3 156.8 
55.4 OCH, 55.4 
OCH, 
35 36 


a 


due to an adjacent oxygen function. On this basis C-1 and 
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C-2 were tentatively assigned to 32.8 and 36.8 ppm respec- 
tively, permitting the assignment of C-9 at 44.5 ppm. The 
bicycloaziridines were prepared by 1,3-dipolar cycloaddition 
followed by thermal or photochemical decomposition of the 


intermediate triazolines. 
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13 
The C NMR Spectrum of Streptonigrin 


Streptonigrin 2 is an antibiotic and antineoplastic 
agent derived from Streptomyces Rl onc tue ees Streptonigrin 
and mitomycin C are similar in a number of respects:(7'*? 


(a) both contain the aminoquinone moiety (b) both selec- 


2 


tively inhibit DNA synthesis in bacterial cells (c) both 


initiate bacterial DNA degradation (d) the primary cyto- 
toxic activity of both appears to be connected with inhib- 


a0 2S (e) both must be activated by 


ition of DNA synthesis 
reduction to the hydroquinone form. This polnts to the 
biological significance of the common aminoquinone moiety 
in these drugs, so a comparison of the Pte spectrum with 
that of mitomycin is appropriate to see if a similar con- 


jugative interaction obtains for streptonigrin. Therefore, 
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a ke noise decoupled nmr spectrum of a 0.150 M solution 


of streptonigrin in pyridine-d, was obtained (Figure 4). 
In order to aid in the assignment of peaks, an off-resonance 
decoupled spectrum was also obtained to determine the sig- 
nal multiplicities. 

All twenty-five carbons are clearly visible and 
several firm assignments could be readily made (Table 4). 
ineerour high teldysigqnals at .6o025, 60.17) 56.1 ,,.and. lye 
ppm were all quartets on off-resonace decoupling. The 
latter was assigned to the C-3' methyl group by comparison 
with the quinone models. The remaining three quartets 
were asSigned to the three OCH groups. 

Four Signals became doublets on off-resonance de- 
coupling as required by the structure of streptonigrin, 
Ooo ele Oe ello 4, anGml O oe. MEOLeChnese, sinew latLers 
two are tentatively ascribed to C-8' and C-9' respectively 


on the basis of substituent shift predictions for model 


3740a 


(Table 5). 


oe at at ee oie - a 


sa _ : : 
Pore 7 _ : a ss : ¢ 
’ ’ 44 . . 7 7 Li i " ) nai “Y 
a ava lng te ET, G1) 1 Oe aiid Lia {hi wy Spee 
| | ih oe — : 
: bei nb cosh i sey 2) APTOS 
: A 6 , 7 “ 7 . e* - adh 


ameara i ia ve f° 


49 


JUsATOS CHO) % -9 H“OD M —O A 
ec—pi 0 19-9 3 (Sao ,01-9 4 TS) Hee  VGISe © 
47-0 ¥ 9-9 Ww 4&7) T-O 4» 7b aie] e8-0 F Gee Ss | 
7R-0 3 jee {0-9 ®HOO P ©HO0 fHOO 4 CHORE 
“ZHW GT°SZ 38 
Sp_autptadd uy UfIZFuojdea4S FO UOTANTOS W CT‘°O & JO wnajodeds awu ay °“b oANn3Ty 

sh49 Si 

0S: OOT OST Oz 
! a 

1 My "ah i hy Rett bape Hsbadted 
if | il | 
xy 4 d xx i 2 
| 


Ge 


em Oe 7 rst 
- Tete 


Table 4 


te Chemical Shifts in ppm from TMS of Streptonigrin as 


0.15 M Solution in Pyridine-d_ at 25.15 MHzt 


5 
Carbon 
Chemical Shift Multiplicity* Assignment 

UB te Ss 5 
Gm Ss 8 
UGSkS Ss CO,H 
T61e0 S 3 
POat-2 Ss 5a 
1507.0 s 6' 
147.1 Ss By 
144.9 Ss LO. 
aig s 7 
138.6 s Zn 
LS /a8 Ss 12 
ilewisd! Ss 4' 
Looe, Ss 6 
135.3 Ss ay 
a3 3.0 d il 
13 OR Ss Las 
127.4 s 8a 
1ePA Ss 4 d 2 


(cont'd.) 


Table 74 cont'd.) 


Chemical Shift Multiplicity* 
125.4 d 
116.4 Ss 
iBalsi at d 
60.5 | 
60.1 q 
DOL q 
Ld. 8 gq 


Determined by off-resonance decoupling 


u Lock signal pyridine-d Chemical shitt 


5° 


AK data Set are» accurate to 20.05 ppm. 
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Table 5 


ba if 


Predicted Substituent Shifts on he absorptions of 37 


Carbon 


10' 


seh 


25 


g' 


Base position for benzene taken as 128.7 


The 


1-OCH 


+30. 2 


=-15.5 


105) 


2-OCH., 3-OH 4-Ph 


iss Sut) ale 
+30.2 12.6 +0.4 
SGU — <SY40 0 Si 

0.0 12.6 +13.6 
-8.9 Sek cals 


0.0 -7.9 +0.4 


Es 


+1563 
42.5 


-10.3 


Predicted 
Position 


144.0 
131.25 
139.0 
12083 
120.5 


105.7 


C spectrum of picolinic acid (Table 6) served 


to establish the position of the carboxy carbon of strepto- 


Nigrin (at 168.3 in good agreement with that in picolinic 


acid at 167.8), and also provided a base for substituent 


shift predictions. 


The remaining low field peaks at 181.1 


and 176.9 were assigned to the quinone carbonyls, C-5 and 


C-8 respectively by analogy with mitomycin C. 
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Table 6 


13, Chemical Shifts in ppm from TMS of Picolinic Acid as 


0.2 M Solution in Pyridine-d. at 25.15 MHz 


2) 
Carbon 
Chemreal, Shite Multiplicity Assignment 

167.8 s CO,H 
LORS s Zi 
ao Gl 6° 
e/a d oe 
126 c0) d ley 
L253) d 4' 

The Ele spectrum of the streptonigrin analog 39 


(Table 7) provided valuable information about the chemical 
shifts of the quinolinoquinone carbons. It allowed the 
assignment of the remaining two doublets at 6 133.5 and 
126.2 to C-l and C-2 respectively. Further comparison 


with model 39 led to the assignment of the signals at 141.9, 
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Table 7 


Es Chemical Shifts in ppm from TMS of 39 as 0.25 M 


SoLMmtion, adi (CD,),SO ate22. 6 MNS 


Carbon 
Chemical Shift Mubtiplicity Assignment 

180.3 Ss 3) 
uly payers} Ss 8 
252.02 d 3 
146.3 s 5a 
Tai. 7 s v] 
23D rs 6 
23520 d 1 
297k s 8a 
IPRS Mh d 2 
59'..6 q OCH, 


Loan mes 34 tO C=/, C=6, and C-Sa. Peaks’ aty161L.0 
and 154.2 were tentatively ascribed to C-3 and C-5a. 
Further assignments were made possible on the basis 
of substituent shift predictions from model Ss entabley>) 
and model 40 (Table 8). It is recognized that the addit- 
ivity relationships for four substituents probably have 
severe limitations so that Tables 6 and 9 are used only 


aS a guide in the line assignments. 
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Table 8 


Predicted Substituent Shifts on te Absorptions of 40 


Carbon Base 3-cH,* EBhG 5-NH,“ 6-Ph° 1-0, H° pains 

20150. 44 8-051 0.4 -9.5 40.4 = -8.8 141.6 

3" 133.8" - agi +115 mele? #1.5 +0.5 134.3 

He See ep <skyae aie inet’ 0.0 41,5 $3729 

Sel 2425 0 0,40 leis ee t19-2 mls) $5.1 +21.7 146.2 

6" 150.6 -2.8 40.4 12.4 +13.1 0.0 aay) 148.9 

@ Base is Cy of a-picolinic acid 

b Base is C3 of B-picoline 


e Base is corresponding carbon of pyridine 
d Reference 40a 


e Reference 40b 


The chemical shifts of the quinone carbonyl carbons 
in mitomycin C, streptonigrin, and the aminoquinone models 
all show a pronounced upfield shift compared to simple 
benzoquinones. This result is consistent with conjugative 


interaction of the nitrogens with the carbonyl groups, 


235) 


on 


a 


; age! i | 7) oe 
oe ‘ ies rk et 


strongly supporting the proposed explanation for the sta- 
bilitysor thesox1dized form of mitomycin Cs “Its also sug— 
gests that a similar stabilizing effect may be occurring 
13 


in streptonigrin. The C peak assignments for mitomycin 


C and streptonigrin should prove valuable for further bio- 
Synthetic studies employing the incorporation of nee 


labelled substrates and in characterizing synthetic analogs. 


Experimental 


Throughout this work melting points were determined 
on a Fisher-Johns apparatus and along with boiling points 
are uncorrected. Infrared spectra were recorded on a Perkin- 
Elmer model 421 spectrophotometer and only the principal, 
sharply defined peaks are reported. Absorption spectra 
were measured in 'spectro'-grade solvents on a Beckman DB 
spectrophotometer. Proton magnetic resonance spectra 
(pmr) were recorded on Varian A-60 and HA-100 analytical 
spectrometers. The spectra were measured on approximately 
10-15% (w/v) solutions in appropriate deuterated solvents 
with tetramethylsilane as reference. Line positions are 
reported in parts per million from the reference. Mass 
spectra were determined with an Associated Electrical 
Industries MS9 double-focusing high-resolution mass spec- 
trometer. The ionization energy, in general, was 70 eV. 
Peak measurements were made by comparison with perfluoro- 


tributylamine at a resolving power of 15,000. Elemental 
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microanalysis was carried out by Mrs. D. Mahlow of this 
department. In the work-up procedure reported for the 
various syntheses described, solvents were removed with a 
rotary evaporator under reduced pressure unless otherwise 
Staceu. 

The ae nmr spectra in natural abundance were ob- 
tained at 25.15 MHz in 12 mm spinning tubes in deuterated 
solvents on a Varian HA-100-15 instrument using tetra- 
methylsilane as reference. Typically for mitomycin C a 
total of 4000 scans were made for multiscan averaging and 
accumulated with an interfaced Digitab FTS/NMR 3 data sys- 
tem. Additional nae spectra were determined at 22.63 MHz 
in 10 mm spinning tubes in the Fourier mode using a Bruker 
HFX-90 spectrometer in conjunction with a Nicolet-1085, 
20K memory computer. The spectrometer features a deuterium 
lock system, a BSV-2 random noise (800 Hz band-width) pro- 


ton decoupler, and a BSV-2 pulse generator-amplifier. 
Materials 


Commercial mitomycin C (Calbiochem Inc.) was used 


and characterized spectroscopically as follows: 


Infrared spectrum ny (nujOl) 8 LooS) (qua none C—O) 700; 
1720 (OCONH,); 3260, 3300, 3420 cm (NH, NH,). 
Absorption spectrum hax (CH3CN) : 54 0p nme (log cs..4 5). 


SDOPniCloguel 546 /)) as 50 mm a logec.o.02)),..240enm 7(sh) 


(log 16. 5.03); 
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Mass Spectrum: Base peak 302 (M-CH 0H) . 

Pure streptonigrin was kindly supplied by Dr. -H.B. 
Wood, Division of Cancer Treatment, National Institutes 
Ofsvealth. 

The purity of the following commercially available 
compounds was established by mie nmr spectroscopy and by 


comparison of Melting points with literature walues. 


Ethyl Carbamate 25 


The ie nink spectra: Sams (HA-100-15, pyridine-d,) : 
— +o" 
14.8 (CH,); 60.4 (CH); 158.4 (C=O). 6), (CDC1,)° : 
14.5 (CH,); 6059 (CH.) ; 157.8 (C=0). 
1,4-Benzoquinone 27 
The a HMrespectLass 0 (HA-100-15, pyridine-d_): 
a tk TMS J a 
= 46. : 
1367.6) (CH)G 187.4 (C—0)., Sams (CDC1 4) seeels Oe (CH) 
18g le (C=O). 
2, 2-Dimethyl—1 4=benzoquinone 23 
The —c nine spectra: 0 (HA-100-15, pyridine-d,) : 
P > °TMS ° 27° 
La 2 (CH3); 33265 (C=H) 145 <u (C-CH,); 1872 9 (C=0))- 
Simms (ext) (HFX-90, dimethyl sulfoxide-d_) : L53/ (CH) ; 
1332 85(C—H)i, 14672 (C-CH,); 188.5 (C=0). 
Tetramethyl-1,4-benzoguinone 29 
The mee nmr spectrum Sms (HA—LO0=15, pyridine-d,) : 


eZ CHe ce 140 ai Gocue) 7187.0 (C—O): 
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2,5-Dimethy1l-3,6-bis (pyrrolidino) -1,4-benzoquinone 30 
This compound was prepared in 17% yield by the method 


of Crosby and Lutz,?” m.p. 149-150.5° (lit. m.p. 149- 


Tsoeyeae 


a 
The oe nmr spectrum 6 (HFX-90, pyridine-d,) : 


TMS 
12.4 (CH3); 25.7 (CH,); 53.4 (CH,-N); 103.7 (C-CH,); 


1537 CoN) a1e327 (C=O). 


2,5-Bis (pyrrolidino)-1,4-benzoquinone 31 
This compound was prepared in 62% yield by the pro- 


SequresOn Crosby, and Lutz,>” Msp. ecto Z Une...) mC ts 


m.p. 238-240°) .78 


Ls 


The C nmr spectrum Sm (HEX~-90; CDC1,): 24.4 


S 
(21: (es: 9 IC a Ce) CO Coke p PA: Coe) 


27 o=Dimethy 1-37 6-bis (3=pyrrolinog) =1), 4—benzoquinone. 32) 


This compound was prepared in 70% yield by the method 
of Crosby and Lutz. >> Upon heating it changed from a dark 
purple to a white solid between 164-172° and melted at 
242.5-244.5°. 

Anal Calca ss LoL Cy 6H gN5°> lmolee weer 27 021368] 

Come OSes 6.7 Wee N, tO. oo. Found. [mass spectrum) 
27 One sG Otero Ba? Oc OU ati O. 4.0 5, 2 oto OL. 
: -] = 

The infrared spectrum Vinax (CHC13) : 1610) em (C=0). 

at . e 

The “H spectrum Sing (CDC1,) : 2.02) (57. .6H, CH); 


4.54 Cs, 8H, methylenes);> 5.85 (s, 4H, vinyl). 
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The C nmr spectrum Som (HA-100-15, pyridine-d,) : 


S 
uA (CH,); ee (CH,-N) ; P0200 (C-CH,); 12 Se om (army Lo) es 


154.8 (C-N); 183.4 (C=O). 


2-(8-Carbamoyloxyethy1)-5-methy1-3 ,6-bis (pyrrolidino) -1,4- 
benzoquinone 33 

A solution of 0.40 g (2 mmole) of freshly crushed 
cupric acetate monohydrate and 0.85 g (12 mmole) of pyrrol- 
idine in 20 ml of methanol was purged with oxygen. While 
bubbling oxygen through the reaction mixture, a solution 
Of50..42 4g (2 mmole) of 2-(8-carbamoyloxyethyl) -5-methyl- 
1,4-benzoquinone?*2 in 75 ml of methanol was added at such 
a rate that the temperature remained between 20-30°. Oxy- 
genation was continued for 1 hour after all the quinone 
had been added. The solution was concentrated tn vacuo to 
ea. 5 ml and chromatographed on a column of neutral alumina 
(Woelm), eluting with methanol. The first fraction was 
collected and evaporated affording 0.367 g (53% yield) of 
33 7aS anvo1l, 

Anal.) Calcd. tor Cy gHo6N30, [mol wt. 347.1645]. 
Found [(mass spectrum) 347.1847]. 

The 1a nmr spectrum Smug (CDC15) : Leo 4e (Ss ssh, CH) i 


Ieeo andes 04 (2emulbtiplets,=4H each, Hi and He of pyrrol-— 


3 4 
MOINewrIngSs)ea2.c5 tc, 2h, Hye Jap at Parse eva tire 1S) Sisverebelel oy Fe! 
(2 multiplets, 4H each, H, and H, of pyrrolidine rings); 


2 5 
Sasa) REDO PAst H,)- 


60 


61 
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The C nmr spectrum Som (HFX-90, pyridine-d,) : 


S 
22 (CH3); ZAr Oman 25). 6 (C. and Cy Of pyrrolidine rings); 
45.0 (CH,-quinone) ; Die aNd. 53615 (C5 and Ce of pyrrolidine 


rings); 63.9 (CH.-O) ; 102.4 and “102-9 (CCA ewan C-CH,); 


2 
154.7 (2 C-N); 158.2 (carbamate C=0); 183.6 (quinone C=O). 


2,5-Diamino-3 ,6-dimethyl-1,4-benzoquinone 34 


This compound was prepared by the procedure of Zee- 


Cheng and cheng, ° “wep. 309-310" (Tit. mip. 310-322°).--° 


The 13 


C nmr spectrum 5 myg (ext) (HFX-90, dimethyl 
sulfoxide-d_) : gt (CH); Beal ay (C-CH,) ; 149%. 4 (CN); 


Nophe iS) (G18) bi 
4-(p-Methoxypheny1l1) -2,3,4,7-tetraazabicyclo[3.3.0]oct-2-ene 


ASMX LULe Oiee24. Glo mmole) Of 7 -metioxy pieny L— 
azide and 1.4 g (15 mmole) of 3-pyrroline (75% pure) was 
set aside in the dark at ambient temperature for 3 weeks. 
The resulting precipitate was collected, washed with light 
petroleum and recrystallized from ethyl acetate: petroleum 
ether to give i.) g)(30¢5yield) of a white crystalline 
Solid @m.p. LO8.5-109°. = This preparation 15° a modification 
of a literature oyaerereiuedsn oo 


AnaAlemGalcd a LOb.ce tee NTO: [MeN = LOO LOG le EC oO. oc 


ee 4 aA 2 
Heeroma N25. O7 ee round (mass spectrum) 190 71107 )}i Cc, 


G0eio2 mete ose: IN econo. 


The infrared spectrum Vinax (CHCL 3) : 3305 s(NH) 


1 


1580 cm” (N=N). 
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The eH) nnw spectrum. 6 (CDC1,): 1L.46-(broad, 1H, 


TMS 
NH )s; 2. 69-3562 <(nultiplet, 4H, CHS); 3. 2s, ash OCH 3); 


$235 (ddie Ig Hos .go 10) Hz, = 4 Hz); 5.15 (dd, 1H, 


15 Jig: 
Hey Jee =065 5002) 0.00—/.33, (MUUtiLplet,.4h 7 ary apLrOLous).. 


Seite expe ny Dies bd acabicyclol 3.1 ilihexane) 35 


A solution of 0.906 g (4 mmole) of 4-(p-methoxy- 
phenyijj2, 3,4, /-tetraazabicyclo[3.3.0]oct—2-ene in 120 mi 
of tetrahydrofuran under nitrogen was irradiated for 6 
hours with a Hanovia high pressure mercury lamp (200 W, 
fitted with a Pyrex filter) with stirring and cooling. 

The solvent was evaporated and the residue was treated with 

100 ml of ether. The resulting precipitate was filtered. 

The filtrate was evaporated and the resulting residue was 

crystallized from benzene: light petroleum affording 

03742 -G) (9327 yield), Of 35 as an Off-white: hygroscopic solid 

Ne p.esO=36- 4 —Thisspreparation us a modification of a wit 
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erature procedure. 


Ana Calcd. tor C OF (mola weno o. LLG i. 


Tie t42 
C6045 142 Nl oa ce hound "[((mass Spectrum) 
OOO ile COO Oreo as ao /iemeN pe 4 Od. 


The ly nmr spectrum Som (dimethyl sulfoxide-d_): 


S 


ZeeOatsee cimetidine) 5.70 (Saas, OCH 3) ; Doe (ARPaiUartety, 


AN methylenes, 0 = 12.5 Hz); 6.41-7.08 (multiplet, 40, 
aryl protons). 
The absorption spectrum max (CH3CN) : 23 Senne Clog 


ee eee Oo SDL Ogme 93. 50))™ 
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3 ey 
The C nmr spectrum Sams (HFX-90, pyridine-d,) : 


44.8 (Cy and Co); 48.5 (C. and C 55.4 (OCH 3) ; 114.8 


4)i 


(Co); diya bere) (Codi 146.4 (C dba hy Si Ae 


yi gt): 


6=(p—-Me thoxvypheny 1] )'-3,6-diazabicyclo[3.1.0)hexa-2,4—-dione 36 


This compound was prepared in 63% yield by the pro- 


cedure of Davis and Rondesveldt,>° M243 —24 52 (bit. 


Ris p. ay Gey) 


i3 


The C nmr spectrum Som (HA 0.0 — 5s, pyridine-d,): 


S 
43.1 (Cy and Ce) i 55.4 (OCH,) i A bakaal (Cai); 12 (Co): 


144.6 (C,,); 156.8 (C,,); 168.2 and 169.3 (C=0)- 


6-Amino—/-methoxy—>9, 8=quinolinedione 39 
This compound was prepared in our laboratories by 
Dr. S.K. Sim according to the method of Liao and Chenare 


fea. DIB NEO (Geo) (ists. aisgn Meee (Gee i 


The cc nmr spectrum is reported in Table 7. 


CHAPTER TIL 


STUDIES RELATED TO THE MECHANISM OF ACTION 


OFS MLETOMY CIN C 


Mitomycin C is a potent and useful antibiotic and 
antitumor agent. Extensive studies on its mode of action 


have been carried out ethers ese 20y 21729731 


however, many 
aspects still remain unclear. From the review of the 
mechanistic studies presented in Chapter I it is evident 
that the primary site of action of the mitosanes is the 
DNA of the cell. The action of mitomycin C appears to be 
Ewo-fLold: 

a3 ~Cross-—linking wand alkylation of DNA 

2. degradation of DNA 

We undertook to investigate various aspects of the 
interaction of mitomycin C and other mitosanes with the 
genetic material of the cell. These studies were carried 
out using rapid and convenient fluorescence assays based 
on the enhancement of fluorescence which occurs when the 
trypanocidal dye, ethidium bromide interacts specifically 
with double stranded DNA. The assays have been exploited 
to estimate: 

Per direct cross-linking, of DNA 

2. sequential cross-linking of DNA 

3. alkylation of DNA without necessarily cross-— 


linking 
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4. induction of single strand scission in co- 
valently closed circular DNA (CCC-DNA) 
5. simultaneous cross-linking and strand scission 
Electrochemical studies were carried out to gain 
information about the mechanism of the reduction of mito- 
mycin C and its relation to the mode of action of this 


biologically active compound. 
The Ethidium Bromide Fluorescence Assay 


Ethidium bromide 41 is a trypanocidal dye that in- 


teracts with DNA. Le Pecq and Paoletti>- OpSeTVedmanvery 
marked increase in the fluorescence of the dye when it was 
bound to bihelical nucleic acids. Their studies with the 


homopolymer rA, established that ethidium bromide showed 


no fluorescence enhancement with this polymer and they con- 


cluded that only bihelical polynucleotides produce the en= 


hanced fluorescence. This conclusion has been substan- 


tiated by Morgan and Beeeeume: Le Pecq and Paoletcin- 
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further concluded from their work that the ethidium cation 
binds to the double-stranded polynucleotides by intercala- 
tion between the base planes. There is approximately one 
specific binding site for ethidium bromide per five nucleo- 
tides. This suggestion was also consistent with previous 
x-ray diffraction data.°7 They proposed that the fluores- 
cence enhancement is due to the occlusion of the ethidium 
bromide, by intercalation, into the hydrophobic region of 
the nucleic acids where it is protected against quenching 
by the aqueous solvent. This view was supported by exper- 
iments that showed that the fluorescence of ethidium bro- 
mide increased when it was measured in alcohols of de- 
creasing hydrophilic character, ranging from ethylene gly- 
COlLscCO,OCtano lL. 

Morgan and Paetkau- found that for an ethidium 
bromide concentration of 0.5 ug/ml a linear response of 
fluorescence with double stranded DNA concentration was 


observed for DNA concentrations up to 0.02 O.D. linetsy ral 


260 
Thus, in this concentration range the observed fluorescence 
is directly proportional £o the amount of double stranded 
DNA@present,in solution.) This cresult Led to the develop— 
ment of a convenient assay for the detection and estima- 
tion Of the relative amount of covalently linked comple- 
mentary DNA, (CLC-DNA) .>?'>° 


Using wthesethidiumetlucrescence assay Fealiquots of 


cross-linked DNA are analyzed for CLC-sequences by diluting 
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them in a solution of ethidium bromide buffered to pH 11.8. 
The fluorescence of the DNA-ethidium bromide solution is 
measured to obtain an estimate of the total DNA concentra- 
tion. The solution is heat denatured and cooled quickly. 
The fluorescence of the solution is again measured. Under 
the conditions used, separable DNA strands do not reanneal. 
Only CLC-sequences can reanneal to give ethidium fluores- 
cence enhancement since the cross-link may serve as a nu- 
cleation point for rapid renaturation. The ratio of the 
fluorescence after heating to the fluorescence before heat 
denaturation is then a measure of the extent of covalent 
cross-linking. ‘The assay is conducted at pH 11.8 to pre- 
vent spontaneous formation of short intrastrand bihelical 
structures after heating and cooling of separated single 
strands of DNA. Such structures are thermally unstable 
when compared with those formed by CLC-DNA and are due to 
a certain amount of self-complementarity within strands 


ee The assay is illus- 


Of naturally occurring DNAS. 
tracedsin Figure: o. 

The fluorescence assay has been extended to detect 
single strand cleavage of DNA by making use of a covalently 
closed circular DNA (CCC-DNA). The amount of ethidium 
bromidae taken up by, CCC-DNA is restricted because of (top-— 
Glogical restraints. If the DNA is cleaved in one or more 


places, there is a release of topological constraints 


and the open circular (OC) form allows the intercalation 
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PHENANTHRIDINIUM BROMIDE 


“ETHIDIUM” = € 


E 
z E coon E 
x + E —— x —_———______» x + — eee 
E HEAT RENATURE AT - 
DENATURATION NUCLEATION E 
. ; 


SITE 
SBOUBLE STRANDED INTERCALATED E 
DNA DETECTED BY ENHANCED vaplaeee nea. 
FLUORESCENCE ASSOC 


WITH CROSS-LINK 


E 
oe 
2.6 = coo NO DOUBLE- 
€ = = apa STRANDED 
HEAT + € pH> 11 REGION FORMED 
4 DENATURATION f 


X © COVALENT CROSS-LINK 


EXCITATION 525 nm; EMISSION 600 nm 


Figure 5. Fluorescence assay for detecting covalent cross-linking 


of DNA. 
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of more ethidium with an increase in the observed fluores- 
cence of about 30%.for PM2 DNA.>> On heating and cooling 
of CCC-DNA at pH 11.8, there is complete reannealing, re- 
sulting in a 100% return of fluorescence. In contrast the 
OC-DNA is denatured into one circular strand and one lin- 
Gar joetrand which do Mot bind ethidium at pHs = 11.5 and 
them Luorescence stalls to zero.) his (ssbliustratea an 
Figure 6(a) and (b). 

The assay for single strand scission is complicated 
when the scission agent also cross-links or alkylates the 
DNA. If the scission agent cross-links the DNA, the loss 
of fluorescence that normally occurs after heating the 
nicked DNA is not observed due to the cross-linking and a 
full return of fluorescence after heating is seen (Figure 
6(c)). However, the observed increase in fluorescence be- 
fore heating can only be accounted for by cleavage of the 
CCC-DNA. Cross-linking without strand scission gives rise 
to the situation shown in Figure 6(d). 

If the scission agent alkylates the DNA but does not 
Cross-linkw1t, again an increase in i£luorescence due to 
Nicking is observed. During denaturation of the DNA there 
is a heat induced depurination resulting from the covalent 
attachment of the alkylating agent to the CCC-DNA. The 
observed fluorescence after heating drops to zero and this 
situation shows a fluorescence behavior identical to that 


Gresimplessingle Strand scission (Figure 6(b)). ‘However, 
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Figure 6. Fluorescence assay for detecting single strand scission 


cross-linking and alkylation of CCC-DNA. 
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if the alkylating agent produces no single strand scission, 
no rise in fluorescence before heating is observed. After 
heating and cooling the fluorescence again drops to zero 


as a result of heat induced depurination (Figure 6(e)). 


Studies on the Covalent Interaction 


OL Mi cComy Cin: Caw? tne ONA 


Detection of Covalent Cross-Linking of DNA by Mitomycin C 


by the Ethidium Fluorescence Assay 


Covalent cross-linking of A-phage DNA occurred on 
incubating the DNA with mitomycin C at room temperature, 
at pH 7.2 in the presence of sodium borohydride. Aliquots 
were removed at intervals and the extent and progress of 
covalent cross-linking was determined by the ethidium 
fluorescence assay. Mitomycin C produced very efficient 
and rapid cross-linking with more than 80% of the DNA being 
cross-linked in 5 minutes (Table 9). These results ob- 
tained by the fluorescence enhancement technique are there- 
fore in agreement with the demonstration of cross-linking 
of DNA by mitomycin C by Iyer and shageulene and by 


rig It was considered desirable to investigate 


others. 
a well documented reaction of mitomycin C with DNA prior 
to therapplicataon of the technique to other studies of 
the interaction of the antibiotic with DNA. 


Reductive activation of mitomycin C and efficient 


cross-linking of \-DNA was also achieved with sodium 


fat 
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Table 9 


% Cross-linking of 2 DNA by Mitomycin C vs pH 


Concerns Conc NaBH, pH % Cross-linking/ 
<0 0M e052 oM Time to max. 
026 ais: 520 93%/5min 

6.0 84%3/5min 

Legee. 79%/5min 

5 Tl 72%/10min 

LOns 65%/35min 

aes ZeZ Sil) 100%/5min 
6.0 91%/5min 

dee 84%/5min 

857 78%/5min 
0.3 75%/35min 

2.0 yal 52.0 100%/5min 
6.0 93%/5min 

Vie 84%/5min 

Bey 78%/5min 


10-3 76%3/30min 
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dithionite. However, in contrast to the behavior of strep- 
wae aes 0 : ; fe 

tonigrin, neither NADH nor model dihydropyridines such 

as Hantzsch ester were effective in activating the anti- 


tumor agent. 


Confirmation of Covalent Cross-Linking of DNA by Mitomycin 


C Employing an S;-Endonuclease Assay 


Experiments were performed with the enzyme Sy- 
endonuclease to confirm that the fluorescence assay pro- 
cedure detects the formation of CLC-DNA formed as a result 
om chemical Gross—linking, S,~endonuclease specifically 


cleaves single stranded BNC ee 


The technique is illus- 
trated in Figure 7 and makes use of enhancement of ethid- 
ium fluorescence at pH 8.0 to detect double stranded DNA. 


Since the time required for the S,-endonuclease assay is 


1 
long enough to allow renaturation of denatured ) DNA, 

E. colt DNA was used instead since it requires a relatively 
long time to reanneal after heat denaturation. 

The DNA treated with mitomycin C and sodium boro- 
hydride was dialyzed to remove excess inorganic salts and 
decomposed mitomycin C prior to treatment with the enzyme. 
The results, summarized in Table 10 confirm the formation 
of covalent cross-links with mitomycin C. The lower ab- 
solute values for the percentage of cross-linked DNA re- 


flects the use of an £. colt DNA which has a much lower 


molecular weight than the 14 DNA. However, as is seen from 
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Figure 7. Confirmation of induction of covalent cross-linking of DNA 


by antitumor agents using S_-—endonuclease. 
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Table 10 


Comparison of the Cross-linking of F. coli DNA Assayed By 


Ethidium Fluorescence and S,-Endonuclease Sensitivity 


Assay % Cross-linked DNA 


Run No. eee 
Ethidium fluorescence - Before dialysis 34 48 61 


After dialysis Sie adh Va) 


Sy Endonuclease - After dialysis 2D lea 4 
a -4 : : 
0.6 x 10 M mitomycin C 
2 Sh se al ey mitomycin C 
c 


Pact sin ae M mitomycin C 


Table 10 there is a good correlation between the results 
obtained by the two independent assays. During dialysis 
there is no depurination or strand scission of the DNA as 
is indicated by the values for % cross-linked DNA before 


and after dialysis. 
Detection of Alkylation of DNA by Mitomycin C 


Awsigniricant.observation in the study ole cress— 
livikingsor DNA by mitomycin € was that as the concentra- 


£10n Of mitomycin C in the reaction solution was increased 
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a progressive decrease in the fluorescence was observed. 
Table 11 indicates the extent of fluorescence loss with 
increasing antibiotic concentration. Three explanations 
for this observation seemed plausible: 

(a) Alkylation of the DNA bases reduces the number of 
ethidium bromide intercalation sites either by 
steric hindrance or charge repulsion due to the 
positive charge on the ethidium ion and the posi- 
tive charge on the alkylated bases. 

(b) Alkylation followed by depurination or depyrimid- 
ation destroying intercalation sites. 

(c) Cleavage and degradation of the DNA by reactive 
free radicals such as superoxide and hydroxyl 

Yadicals similar to the action of streptonigrin. >9 
It has been reported that mitomycin C also de- 
grades BNA 

Experiments were carried out which allowed us to distinguish 

between these three possibilities. 

Points (b) and (c) were tested by allowing activated 
Mitomycin, C to react, with a Labelled synthetic polynucleo— 
tide, poly dG-dc with 14c labelled guanine and 7*H labelled 
cytosine. The labelled polynucleotide was incubated with 
progressively increasing concentrations of mitomycin C in 
parallel with F. colt DNA. There was a progressive de- 


crease in the ethidium fluorescence. An acid insolubility 


assay was used, which would selectively remove bases pro- 


‘ Lag” _ z ire. 7, e 
iaVM 2 ( eaacGuaJ » oe Wits xe as nai Be 
a ' ’ J 
i] 7 7 
. i i ag re up hile rr) a4 Lous 
7 - 
‘ A Thy: { $n ire Sy 
* | eA 
» 4 ‘ } ace ‘Ay ‘ 
© i] ? ’ 
| \ 7 
— ? 4 
‘ 
i un 
\ 
¢ f 4 ] 
ye eepp Rag Dinh” Licey im 
| 
| 
eTeqe js! be Nt tan 
{ 
H i 
i ie dd 1 Ta onda i 2 St) bay sine = ae F 
! 
— 
“oat 575 5 j Uti or 4 
ja lee’ a 
si 
Ab ‘ J ni ay j i | 
yh Py : i j a @ repent 
+! 
- = 
| ie) ‘ es 
RN ey ad 
11 ane pe 


ual SEL DE | ee aa? tot ae 4 honed 1 we ae One 
| - _ : 


7 7 ah 
944391 he ree uit ce aes Both A he: 


“ 
une ave ae Y - ii “i 
7 Y 
Deity” vad en 7 5 
a oe 


DA 


iveWopier 1B 
% Loss of Fluorescence in Cross-linking of Mitomycin C 


with DNA vs pH 


ConceMi tc Conc NaBH, pH % Loss of 
eee eM x LO me ciM ae Fluorescence 

0.6 1h Sil) 19% 
6.0 15% 
le 2 113% 

8.7 4.5% 
LOZ 0% 
ee 222 DAO 47% 
6.0 30% 

VS 15.5% 
oe 6% 
LOms 0% 
2.0 So Dad 66% 
6r0 44% 
heed. PAS 
Ba! 14% 
10.3 0% 
4.0 De: 55:0 77% 
6.0 53% 
ae. 36% 
So7/ 17% 
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duced by depurination or depyrimidation and small DNA frag- 
ments produced by degradation, while leaving behind intact 
polynucleotide molecules for radioactive counting. The 
results in Table 12 show that there was no loss of soluble 


217" a counts is es- 


radioactivity and that the ratio of 
sentially constant under conditions where increasing con- 
centrations of mitomycin C produce 16.1 to 79.6% reduction 
in ethidium fluorescence. This confirms that there was 


no detectable loss of either purine or pyrimidine bases 


or large scale degradation of DNA to small fragments. 


Table 12 


Radioactivity Assay for Alkylation of Polynucleotides 


by Mitomycin C* 


Mitomycin C H (2 H/C % Decrease in 
xO MM Cop .™. Grows Ratio Fluorescence 
0.6 1292 1785 On 724 Loo. 
thay T225 1682 Orai23 aor o 
1.8 265 isS 05730 6157 
2.4 1149 1418 O)iteyi te) We te 
Sr Ley, Lo26 02776 oO 


The watio. Of emi tomycinec, toesodium borohydride was) 1:10 


in all experiments. 


In order to confirm that the drop in fluorescence 


Was not due to some product of the reaction mixture inter— 
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fering with the fluorescence assay, F. colt DNA was treated 
with different concentrations of mitomycin C such that the 
fluorescence drop varied from 13 to 72%. The DNA was then 
dialyzed and fluorescence per A560 eG) was deter- 
mined. The results presented in Table 13 show that a good 
correlation exists between the % decrease in fluorescence 
and the 2 ovags ratio of the dialyzed DNA, thus indicating 
that there is no interference by reaction components with 


the fluorescence assay. 


Table “13 
Binding of Ethidium to Cross-Linked 


E. colt DNA After Dialysis 


% Decrease PES oes Ratio E/E eG to 
in Fluorescence aoe (Control) 
Control (no MMC) 9,915 1 
3 jy oe Mit iead 
45 57, 743 02579 
50 5, 584 OR Do3 
a2 aA Ths) 0.180 


To confirm that the loss of fluorescence was due to 
alkylation of the DNA, an experiment was carried out to 
correlate the decrease in fluorescence with the extent of 


bindinoeoremitomycan! C)to the) DNA.) 4 The binding: ratiosrot 
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mitomycin C to DNA for progressively increasing amounts of 
the antibiotic were determined by a modification of a pro- 
SCedcurescue co Tomasz. 74 Varying concentrations of mito- 
mycin C were incubated with eHetabelied X DNA. The de- 
crease in fluorescence in each case was determined by the 
fluorescence assay. The reaction solutions were dialyzed 
to remove unbound mitomycin. The DNA concentration was 
determined by radioactive counting and the concentration 
of bound antibiotic was obtained from the UV absorbance of 
the drug DNA complex at 314 nm. Table 14 and Figure 8 re- 
veal that a good correlation exists between the loss of 
fluorescence and mitomycin C binding ratio over an exten- 
Sive range. 

Thus it is evident that the loss in fluorescence in 
reaction mixtures is not due to fragmentation of the DNA 
but rather to loss of ethidium intercalation sites by the 
mechanism described in (a) above. Therefore, using the 
fluorescence assay, the decrease in the fluorescence value 


may now be employed as a measure of alkylation of the DNA. 


pH Dependence of Cross-Linking and Alkylation of DNA by 
Mitomycin C and the Sequence of Covalent Cross-Linking. 


During studies on the interaction of mitomycin C 
with DNA, it was observed that the decrease in fluores- 
cence due to the antitumor agent is strongly pH dependent 


With tower phe favoring Joss of fluorescence 72. favoring 
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Figure 8. 


Dependence of 4 loss of fluorescence 
on the binding ratio of mitomycin C- 


DNA. 
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greater alkylation by one of the two alkylating groups on 
the mitomycin ring (Table 11 and Figure 9). This strongly 
Suggests that under these conditions the aziridine func- 


tion, which is known to be acid sensitive, 7077?” 


LSeLe- 
sponsible for the alkylation of the DNA bases. The pH de- 
pendence of covalent cross-linking by mitomycin C was also 
examined and the results are presented in Table 9 and 
Figure 10. The trend towards more efficient covalent 
cross-linking with lower pH is clear. The results, which 
parallel those obtained for alkylation, again suggest that 
the first step in cross-linking is due to attack at the 
acid sensitive aziridine moiety under these conditions. 
Since tumor cells tend to have a lower pH as well as a 

more reducing environment as compared to normal cells, these 
factors) could lead=co selectivity of action.°° It has been 
demonstrated that exposing DNA to low pH conditions can 
itself induce covalent cross-linking, °+ however, careful 
controls showed that there was no significant acid induced 


cross-linking under the conditions of our experiments. 


Cross-Linking by Mitomycin C Without Reduction 


As was described in Chapter I, Iyer and Szybalskil®> 


have proposed that reductive activation of mitomycin C 
leads to elimination of methanol and activation of the two 
alkylating sites, C-1 and C-10, by conjugative interaction 


with the N-4 nitrogen (Scheme 8). However, we have found 
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Figure 9. 


The pH dependence of alkylation of DNA by reduced 
mitomycin C. The reactions were at 22° in 50 m™ 
phosphate at the appropriate pH and A-DNA at 

Le Ayn 60° The mitomycin C concentrations were 0.6, 
ee Oe ates) x 1074 M and the sodium borohy- 
FES lee ee Seal Fut Sigs) <M Ne teare Clonee 


lowing symbols respectively: o-o, +-+, A-A, and o-o. 
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Figure 10. 


The pH dependence of cross-linking DNA by re- 


duced mitomycin C. The conditions were as for 
Figure 9 but the fluorescence values were ob- 
tained after heating the DNA/ethidium mixture. 
The mitomycin C concentrations were 0.6, 1.2, 
{iy avi M, sodium borohydride 1.3, 2.2 and 
Drea 10°; M for the following symbols respec— 


tively: e-e, o-o, and +-+. 
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that lowering the pH alone is sufficient to induce alkyl- 
ation by the aziridine ring followed by covalent cross- 
linking via the carbamate. A control experiment showed 
that there was no significant acid induced cross-linking 
under these conditions. The kinetics of the cross-linking 
with unreduced mitomycin C shown in Figure 1l, indicate 
that cross-linking is considerably slower with unactivated 
mitomycin than under reducing conditions. However, this 
result does raise the possibility that the antibiotic may 


induce covalent cross-linking in vivo without reduction. 


step-wise Covalent Cross-Linking of DNA by Mitomycin C 


The finding that unreduced mitomycin C can induce 
covalent cross-links in DNA under acid conditions, led us 
to carry out an experiment to show the step-wise nature 
of the cross-linking event. The covalent cross-linking by 
mitomycin C at low pH presumably involves an initial alkyl- 
ation of the DNA at the acid sensitive aziridine group 
followed by a second bond formation at the carbamate. How- 
ever, since the C-10 position is not activated by reduction, 
cross-linking is less efficient, presumably leaving mito- 
mycin molecules attached to the DNA only by alkylation at 
the aziridine. 

Mitomycin C was covalently attached to A DNA with- 
out reduction by exposure at pH 4.0. The fluorescence 


assay showed that approximately 50% cross-linking of the 
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The cross-linking of X DNA by mitomycin C without reduc- 
tion. The reaction mixture contained X DNA at 0.7 Aneg? 
50 mM sodium acetate pH 4 and mitomycin C 3.0 x 10-4 Mm, 
at 22°C. 15 ul samples were added to the alkaline eth- 
idium assay mixture and the % cross-linked DNA was 
equated with the % of fluorescence remaining after the 
heat step. Under these conditions the fluorescence re- 
mained constant before heating. e Control experiment 


at pH 4 with no mitomycin C added. 
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DNA had occurred. Unreacted and unattached mitomycin mole- 
cules were removed by dialysis against a phosphate buffer, 
pH 7.0. The extent of cross-linking was unchanged after 
dialysis. The dialyzed DNA-drug complex was then treated 
with sodium borohydride resulting in a rapid increase in 
the extent Of covalent cross-linking to 65%. .This sigqni— 
fied successful step-wise cross-linking of DNA by mito- 
mycin C. Control experiments showed that the increased 
cross-linking was not due to free mitomycin, all of which 


had been removed by dialysis, or to sodium borohydride. 


Dependence of the Efficiency of Covalent Cross-Linking of 


DNA by Mitomycin C on the (GtC) Content of the DNA 


Iyer and Szybalski have shown that the degree of co- 
valent cross-linking of DNA by mitomycin C increases with 
increasing (G+tC) content of the pnat8b and have proposed 
the O-6 position of the guanines as the most likely site 


Lec 


of attachment on the DNA. Attachment at other posi- 


tions of the guanines has been ruled out by Tomasz .~° We 
have applied the ethidium fluorescence assay to a similar 
Study 1, tne ebrect of (G+C) content of the DNA on =the 
efficiency of covalent cross-linking. Three natural DNAS 
of different (G+C) content were used: C. perfringens (30%), 
Galte thymus §(40%) , and fh.) colt. (50%). The eross-=tinking 
efficiencies as determined by the ethidium fluorescence 


assdvyeccemot strictly comparable becauscsor sight edir— 


ferences in the average molecular weights of the DNAS, as 
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determined by sedimentation velocities. Since one cross- 
link per DNA molecule is sufficient to produce rapid re- 
naturation after cooling regardless of the length of the 
polynucleotide, DNAS of lower molecular weight require 
more cross-linking events on a nucleotide residue basis to 
obtain the same % cross-linking. Assuming a Poisson's 
distribution of the cross-links and also that one cross- 
link is sufficient to permit the renaturation of the mole- 
cule, an estimate of the average number of cross-links per 
molecule (m) was made from m = MEAD (where Ps is the 
proportion of the molecules that are not cross-linked) 

for the three DNAs. Assuming an average molecular weight 
OresU0y S330 for cach nucleotide mw the vavenace, number or 
cross-links per nucleotide was calculated to make the re- 
sults comparable for the three DNAs. From Table 15 and 
Picguresi2, 2t us Clear thatia direct, correlation exists 
between more efficient covalent cross-linking and higher 
(G+C) content of the DNA. The values obtained are closely 
comparable with similar estimates made by Iyer and 


Szybalski.*® 
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Figure 12. 
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Dependence of efficiency of covalent cross-linking of 
DNAs by reduced mitomycin C on the (G+C) content of the 


DNA. Reactions contained DNA at 1.2 A phosphate 


260’ 


buffer pH 7.2 at 0.05 M, and mitomycin C and sodium 


borohydride at 0 0.6 x 107" Me aS ex ‘hae = M and + 
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B20 1006 to .0 0x 1087 M respectively. 
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The Mechanism of DNA Degradation by Mitomycin C 


Detection On Mitomycin C Induced Single Strand Scission 
of CCC-DNA by the Fluorescence Assay 


It has been observed that mitomycin C produces ex- 
tensive breakdown of DNA in many cases.7? Although this 
process is relatively slow compared to covalent cross- 
linking, it has been suggested as a possible mode of ac- 
tion for the drug. It has been considered that the DNA 
degradation was due mainly to the activation of intracell- 
ular deoxyribonucleases. °+ 

We examined the interaction of mitomycin C with 
CCC-DNA, by the ethidium fluorescence assay, in order to 
gain information about the DNA degradation. Since mito- 
mycin C cross-links DNA efficiently, we expected to ob- 
serve either case (c) or (d) illustrated in Figure 6. On 
exposing CCC-DNA derived from PM2 bacteriophage to activ- 


ated mitomycin C, a rapid increase in fluorescence was ob- 


served. The loss of fluorescence normally observed on heat 


denaturation of nicked DNA was not seen and there was a 
100% return of fluorescence after heating due to efficient 
covalent cross-linking of the DNA. A control experiment 
showed that the reducing agent, sodium borohydride, has no 
effect on the PM2 CCC-DNA. The results shown in Figure 13 
confirm that activated mitomycin C induces single strand 


scission of DNA. 
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Figure 13. Single strand scission of PM2 CCC-DNA by mitomycin C. Re- 


actions were performed at ambient temperature in phosphate 
butler, pos7.Z2ocontainineg 1.13 An69 of PM2 DNA. Additional 


components V mitomycin C, 3.0 x 10m M, sodium borohy- 


1 


dride 5.3 x 10> M, isopropyl alcohol 2.5 x 10 ~ M; A 


mitomycin C 3.0 x One M, sodium borohydride 5.3 x alee M, 


sodium benzoate 5.0 x 1077 M:o mitomycin: €.3.0'%x 108 M, 


sodium borohydride 5.3 x To M, catalase 4.1 x Wis M; 


e mitomycin C 3.0 x Wen M, sodium borohydride 5.3 x 


signe My catalase 4.1 x 10° Moers ee nO mek nee M; + 


mitomycin C, 3.0 x tae M, sodium borohydride 5.3 x ike M, 


oe Opie ie Oe kere Mex. mitomycin C 3707 ome M, sodium 


borohydride 5.3 x ire M,O control. 
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In independent experiments it was shown that single 
strand cleavage can be retarded by catalase, a protective 
enzyme which removes hydrogen peroxide from the cell, and 
by a combination of catalase and superoxide dismutase. 

The latter is another protective enzyme found in the cell 
which catalyzes the dismutation of the superoxide radical 
(O57) Free radical scavengers such as isopropyl alcohol 
and sodium benzoate were also efficient inhibitors of the 
Single strand cleavage (Figure 13). This suggests a 

cleavage mechanism similar to that operating with reduced 


streptonigrin in which cleavage of the CCC-DNA is induced 


by hydroxyl radicals (Scheme Ma) ge 


Scheme 10 


Mitomycin C + NaBH ,—————_>_ (Mitomycin C)H, (i) 


(Mitomycin C)H, f 0, > (Mitomycin Ca HO. * (it) 


A + o Ane 
——$_—__—_—_—__- > 
HO. H + 05 (rae) 
oe ° 
200 ee OO} (iv) 
~ ° cal 
0. ar LC aaa ae HOTaHO® + 0. (v) 


This scheme requires the intermediacy of the semi- 
quinone of mitomycin C which in contrast to that of strepto- 


nigrin is reported to have a very short lifetime of the 


order of several seconds. This? point 2Ssedclscussea rur— 


ther with the results of the electroanalytical data pre- 
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sented below. Recent work by Handa and Sato?? confirming 
that mitomycin C facilitates the production of superoxide 


radical on reduction supports the above scheme. 


Proximity Erfect in’ the Mitomycin, C Induced Single Strand 


Scission of PM2 CCC-DNA 


It was of interest to determine if the radical in- 
duced cleavage of CCC-DNA is more efficient when the gen- 
erating compound is covalently attached to the DNA. As 
a result, mitomycin C was covalently attached to DNA with- 
out reduction by exposure at pH 4.0. Unattached antibiotic 
was removed by gel filtration on an agarose column. The 
purified, alkylated DNA was then treated with sodium boro- 
hydride resulting in a characteristic rise in the ethidium 
fluorescence before denaturation, due to radical induced 
cleavage (Figure 14). Careful controls showed that all 
the unattached mitomycin C had been removed and that so- 
dium borohydride did not cleave the DNA. In contrast to 
the previous experiment, catalase did not inhibit the 
cleavage. However, the radical scavenger, isopropyl al- 
cohol protected the DNA to the same extent as with free 
MLtcomycan, Cl she) progressive frase yin the fluorescence 
after heat denaturation is due to the induction of further 
cross-links after reduction. 

Tey is CenpeligucossnteLpretethesesres | toeacee vy iL 


dence for a proximity effect whereby superoxide and hy- 
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Figure 14. 


BEFORE 
HEAT 


AFTER 
HEAT 


TIME rar 


Single strand scission of mitomycin C alkylated PM2 CCC DNA. 
PM2 DNA was alkylated at ambient temperatures in 5 x ‘ie? M 
sodium acetate buffer pH 4.0 containing 2.47 An6o of PM2 DNA 
andyon tex tah M mitomycin C. Chromatography on 10 ml of 
agarose (Bio-Gel A-15 M, 5-100 mesh) afforded alkylated DNA. 
Scission reactions were performed at ambient temperature in 
phosphate buffer pH 7.0 containing 1.04 A609 of alkylated 
DNA. Additional components were @ sodium borohydride 5.3 
x 10 ~ M, o sodium borohydride 5.3 x ‘ies M, catalase 4.1 x 
10°° M; } sodium borohydride 5.3 x ros M, isopropyl alcohol 


pare dae 3 nome M;: A ‘control’. 
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droxyl radicals are generated close to the surface of the 
DNA. Catalase, being a very large molecule, could not 
adequately scavenge the associated hydrogen peroxide. On 
the other hand, the small isopropyl alcohol molecule is 
presumably able to penetrate within the double helix and 


scavenge the radicals more efficiently. 


Investigation of the Possible Inactivation of the Protec- 
tive Enzymes Superoxide Dismutase and Catalase by Mito- 


mycin Cc 


It has been shown that streptonigrin, in addition 
to producing extensive DNA degradation, also inactivates 
those enzymes in the cell (t.e. superoxide dismutase and 
catalase) which protect the DNA from such Gleavage. > Nive 
was of interest to determine if mitomycin C had a similar 
effect on these enzymes. The results of experiments to 
detect such an effect are presented in Figures 15 and 16 
and reveal that mitomycin C does not inactivate the pro- 


tective enzymes superoxide dismutase or catalase. 
Studies on Possible Metabolites of Mitomycin C 


It has been proposed by Iyer and Szybalski> elgehe 
the biochemical role of the NADPH mediated reductive activ- 
ation of mitomycin C isstopunmask the potential ialkvilating 
sites at C-1 and C-10 by causing rapid elimination of 
methanol (Scheme 8). However, the discovery of the radi- 


cal induced cleavage of DNA by reduced mitomycin C requires 
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Figure 15. 


ABSORBANCE 550 nm. 


TIME ( MIN.) 


Control experiments for inactivation of superoxide 
dismutase action on the reduction of cytochrome C. 
Reactions were performed at 25° in a total volume 
of 3.5 ml, buffered at pH 7.8 by 0.05 M potassium 


eae EDTA, [non xanthine, 


phosphate containing 10 
2x LOre M cytochrome C and initiated by addition 
of 1005) of a 0.8 ie/ml solution of xanthine oxi— 


dase. Preincubated components added were 0 S.D. 1.5 x 


000 M?O mitomycin C 37.0) x 10m. Mas.) anal eK 
Nowe Ms en tomy Cli Cao 70 ax Tom M, sodium borohy- 
APIs cues alr MUSED. 1.55% Tone M; V. sodium 


8 


2 Ney Sis Aloe SIO Fhe A 


borohydride 5.3 x On 


mitomycin C 3.0 x Wess M, sodium borohydride 5.3 x 


ere M; &) mitomycin Cea. 0n se tone Moe Control 
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Figure 16. 


0 10 20 30 40 50 60 70 ~ 80 
TIME ( MIN.) 


Control experiments for inactivation of catalase decompo- 
sition of hydrogen peroxide. Reactions were performed 

at 0° in a total volume of 10 ml buffered at pH 7.0 by 
0.06 M potassium phosphate containing 0.02 M hydrogen per- 
oxide and 8 x ioe M catalase. Catalase was preincubated 
with x@mitomycin: C 690) x om M; A sodium borohydride 


oe Lex 10°* M; e mitomycin C 6.0 x 10°° M and sodium 


borohydride 1.1 x Mane M. 
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the rapid reoxidation of a hydroquinone form to produce 
hydroperoxy and hydroxyl radicals. The reoxidation step 
might conceivably involve the hydroquinone of mitomycin C 
itself or one of its metabolites. As a result, several 
mitomycin C derivatives, which appeared to be plausible 
active intermediates in the breakdown of mitomycin C were 
prepared and investigated as possible active metabolites 
of the drug. 

The demethoxylated derivative of mitomycin C 42 
was prepared by catalytic hydrogenation at atmospheric 
pressure followed by rapid air oxidation. On reductive 


activation’ 42 should give rise toithe presumed active form 


O i OH 0 
HN CH.OCNH, Pa/it, HN CH,OCNH,, 
—<—————————_——_ > 
OCH OCH, 
es N CH N 
O ae OH NH 
i 
ey, 
2 
5 i 
H5N : CH.OCNH, 
CH N 
30 C(O NH 
42 


of mitomycin C. Therefore, the ability of this compound 


to cross-link \-DNA was examined by the ethidium fluores- 
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cence assay. This mitomycin derivative showed very ef- 
facrent covalent, cross-linking, Concomitant alkylation of 
the DNA was shown by a loss of fluorescence. Incubation 
of reductively activated 42 with PM2 CCC-DNA resulted in 

a characteristic rise in the fluorescence which could be 
suppressed by the addition of the free radical scavenger, 
isopropyl alcohol (Figure 17), thus demonstrating the 
ability of this derivative to cause radical induced single 
strand scission of DNA. 

No firm evidence has hitherto been presented for 
the direct covalent attachment of the C-10 carbamate of 
mitomycin C to DNA. In order to investigate this inter- 
action, a derivative in which the aziridine ring had been 
opened was prepared. It has been reported that mild acid 
hydrolysis of mitomycin C affords a mixture of the two 


stereoisomeric ring opened compounds ets 1R, 2R 43 and 


: : Se) : 
trans 1S, 2R 44 in a ratio of 86:14. Mitomycin C was 
O : O y 
HN CH. OCNH, H_N CH.OCNH., 
OH 
CH, N eee CH, N 
O O 
7, “4 NH 
7 NH, 2 
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ries 0) 
TIME (min) . 


Single strand scission, covalent cross-linking and 
monoalkylation of PM2 CCC-DNA by mitomycin C deriva- 
tives. Reactions were performed at ambient tempera- 
ture at pH 7.0 in the presence; of 5.3 = er M sodium 
borohydride. Aziridine ring opened compound 43; 


‘ MO 4D seer en 110° M of 43 and 


oan Om 
0.25 M isopropyl alcohol. Aziridinomitosene 42; 


Ae Seppe alin eae EON ah Sih iin eee 42 and 0.25 M 


isopropyl alcohol. 
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acid hydrolyzed and the resulting product was recrystal- 
lized affording a material which gave a single spot on 
TLC and a single peak on high pressure liquid chromatog- 
raphy, to which was assigned structure 43% “This xing 
opened derivative was reductively activated and incubated 
with PM2 CCC-DNA. As was anticipated from our previous 
work, a rise in fluorescence was observed due to efficient 
Single strand scission resulting from the generation of 
Superoxide and hydroxyl radicals (Figure 17). The DNA 
cleavage could be suppressed by the addition of isopropyl 
alcohol and under these conditions alkylation of the DNA 
due to the carbamate was detected by a slow decrease in 
Ghee PhuGECSCencesarvel eat denaturarvon (Pagure) 6 (6) 
No covalent cross-linking of DNA by this derivative was 
observed. This provides the first firm evidence for the 
involvement of the C-10 carbamate in the covalent attach- 
ment to DNA. 

From these results it seems reasonable that a num- 
ber of degradation products of mitomycin C are capable 
Ofminteraceing directly with DNA, in gaddition. tothe 
parent antibiotic, to induce covalent ‘cross-linking, alkyl-— 


ation, and cleavage. 


‘a P26 


- ae a ayes oar we - 
<ohdenssutl bigpa Sivan 


Fietidunii Ott 
Sire, ice meee <isiegPobtaat anv el a ae 
ite a ae 
tistsita afi SAF 9ee: ad Wi eh tyes diodes. af peste iW 
~< ae S&S os a = . i 7 | 
$4 foty or e0nh sd) mo. Typed igees retaedde wee : 
A i w i@ 7 


| a 
eféeosict types sini nee ac a 


" iy 


Ay att. wit See a 
. | ¥ 4, 
« in =— & ! , bs py ce * Co A 
Yaoi oon: 2 499g L 7 tbbs<eisae ga +t a2ee erg: 0 


_ 4 : r 7 Sie my Fs i 
Agu io \ngstalvate. aneuas He wo. «8 =i Tater rad ' a 


UU pbasaahl wate vd sesteb Siw ose ee 


- : er 
jésd okt. +o eeee 


ehhh ayes yoda to pile ian 


- —_ 
j 4 oT a eee if ' VOTu x hy rere ents, aeti was 4 ahr 
isa) als : - ~ ; 
: 1 . - * 


nned $5 Shenbdveo len? of Sonate of. ip i+). 


' 
i} 


7. 
! 


; : et oe * ” lave 
atid # TH “Sle ngenst Ureps Ts “3 hich vids sot 


te S78, Qypeomiogs« to s-puhesg on aa vat 


Por i} i] a: 
fs Ax oo tADBian as | ted ole 


os jie a ins AL ROAD Pee: ie ubics oo" 


Electroanalytical Examination of Mitomycin C 


“and its Derivatives 


We have shown that reduced mitomycin C and its 
quinone-containing metabolites produce extensive degrada- 
tion of DNA by inducing the formation of superoxide and 
hydroxyl radicals which cause single strand scission of 
the DNA. The proposed mechanism requires the intermediacy 
of the semiquinone of mitomycin C. It has been reported 
that the semiquinones of mitomycin Boe and of mitomycin ee 
have been observed by e.p.r. and that the lifetime of the 
semiquinone of mitomycin C is very short, of the order of 
several seconds. Therefore, we attempted to obtain infor- 
mation about the reduction process in mitomycin C and to 
gain confirmatory evidence for the existence of the semi- 
guinone, and an estimate of its lifetime, by electroana- 
ivycreal Studies. 

Polarographic analysis of aqueous solutions of 
mitomycin C gave graphs containing the cathodic waves IC- 
LVGy OL wiLchoeLvyC aS sjeeeuanaehe Only atepH = 625. s These 
wave (Ey 2 =——O.s65002) 0.003) Veat pli 7)= log plow qaverd 
reversible slope. The pH dependence of Ey /2 is shown in 
Figure 18. The wave height remains approximately constant 
Over tne range pH — 9.4-8.50. “At pH <"5.47 “the seightsot 
the wave decreased markedly. The compound responsible for 
this wave is irrecoverably destroyed at pH < 4; the wave 


does not reappear when the pH of this solution is again 


104 


a 
- 
- 
j 
“A 
i 
‘er < 
~~ * 
' 
b 
| 
i 
= ] 
4 
ai 
> ‘ 2 
= 
rc); 


: oo Goo Ny 


2 


ton ins ‘yeh. 49. steve 


— *' DO ee 
7 } aq? 
7 hd Ow 
+ 
y a foving 
ae 
. 
frxAte.sS, Soul 
f 1 } 
( i Ph | 
; 
_ ; 


és - — 
ni 
é iw a - . 
ae eve < if 
td 
~~ A eet 
Az2G2 S , 
y thw & nat — 
ra 
‘ 
° 
ter wast. i’ ia = 
i = > 
ai 5/20 Sar 
\h , 


lige ipomy Gan?) hasiee Ye 


m7 
co > ee @ (a! 
@ ind 


raat 


Sidevis 


‘ie 


eso 


oO 


o 
0 


POLAROGRAPHIC E W/2 Vises GE) 
oO ro) 
bh oO 


0.2} 


Figure 18. 


pH-dependence of half-wave potentials of aqueous 


mitomycin C 3.4 x oe M solutions in solutions 
of buffer, acetate (pH < 5.9), phosphate (5.9 < 
DH GS. )eetrazna (pHs ool Outre tawavie =a. 
second wave; 0 , third wave with no splitting, 


e, third wave with splitting. 
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increased above 4, so that the decrease cannot be due to 
a reversible protonation equilibrium. The second wave 
LEC (Ey 2 = -0.486 + 0.005 V at pH 7) is drawn out in shape 
anaes shown by a tog analysis not to be reversible.  fhis 
wave is not affected by making the solution acidic (pH < 4) 
FOL saAySHOone period or times) The) thirdiwave.iliGl,.1s) 17r— 
reversible and appears to split into two smaller waves, 
PiteranartVC, mDOtim bir eVversible, dt. pili i658 (Elgurer ls je 
Figure 19 shows a typical cyclic voltammogram of 
mitomycin C at 200 mV/s. It shows four cathodic peaks 
(IC - IVC) and one anodic peak (IIA). The appearance of 
IIIC and IVC and the absence of the corresponding anodic 
peaks IIIA and IVA, shows that these processes are not re- 
versible, in agreement with the polarographic results. 
Most of the cyclic voltammetric studies were restricted to 
the potential range 0 to -0.85 V to avoid complications 
arising from these processes. With the range thus re- 
Stricted, only 1G and LiC are observed at Slower scan rate 
(v < 100 mV/s). At v = 100 mV/s, IA and IIA become visible 
and at» = 200 mV/s, L1G splits anto two peaks. With in 
creasing scan rate, the increase in the height of IC and 
IA is much greater than the corresponding increase in 
height of 1lC and ILA. Atsvery fast scan races (2) V/s) = 
v < 10 V/s), IC and IA are very well defined and separated 
bye s5e te oemny, (Paigure 320). 


Polarographic analysis of aqueous solutions of the 
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ring opened mitomycin C derivative 43 gave curves in which 
IC is barely observable. Cyclic voltammetry of 43 shows 
very small peaks for IC and IA identical in potential and 
behavior with those of mitomycin C which may arise from < 5% 
of unreacted mitomycin C remaining in the preparation of 
the derivative. The irreversible waves IIIC and IVC of 
solutions of 43 were identical to those of the parent anti- 
biotic. The polarographic wave for IIC is present in dis- 
torted form. The cyclic voltammetric peak IIC behaves 
Similarly to: peak Lic of mitomycin GC) tor 200 mV/s Snes 
50 V/s. However, IIC splits into two peaks at scan rates 
of 200 mV/s and 100 mV/s. The height of the leading peak 
is slightly greater at 200 mV/s, while the height of the 
following peak becomes slightly greater at 100 mV/s. At 
v < 100 mV/s, only one broad peak can be distinguished. 
The corresponding anodic peak IIA is visible at all scan 
rates and becomes sharper at faster scan rates. 
Polarographic analysis of an aqueous solution of 
the demethoxylated mitomycin C derivative 42 gave waves 
identical with those of mitomycin C itself. MThe Ei/2 Of 
bCetor 42 diticred from that or LC of mitomycin by less 
rials punerdlsLoOnte1onsor IC,  thougnaon coeesanes, fom 
as observed for 43, was barely noticeable. The Cyclic 
voltammogram of the demethoxylated derivative was similar 
to that of the parent compound, however at v > 1000 mV/s, 


both IC and IA of 42 became severely distorted. It was 
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also identical to that of 43 except for the IC and IA peaks. 


A typical example of a multicycle sweep is shown in 
Figure 21 for 42; similar waves are observed for mitomycin 
C and for 43 except that for the ring opened derivative, 
the IC peak is extremely small. The compounds show a IC, 
ayspivte TiC, and a IIA peak during the first cycle; mito— 
mycin C also shows a small IA peak. In the second cycle, 
Ce appears only as va, shoulder. Only slG.and LIAvappear 
after the second cycle. Although both derivatives reached 
steady state in five cycles, mitomycin reached steady state 


only after sixteen cycles. 
Discussion of the Electroanalytical Studies 


The mechanism of the reduction of mitomycin C at 
pH 7 appears to belong to the E.C.E. (electrochemical- 
chemical-electrochemical) class, where C represents one or 
more steps and the electrochemical steps are reversible.°> 
Two pathways seem possible for this reduction and they are 
outlined below. As yet it has not been possible to dis- 
tinguish between them. 

If path A were operating, the polarographic wave IC 
would correspond to the two electron, two proton reduction 
to the hydroquinone; while for path B this wave would cor- 
respond to the one electron, one proton reduction to the 
get 


semiguinone. In fact, the logarithmic nee A plot yields 


auslope corresponding to two electrons, but this is noe 
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Figure 21. Multicycle voltammogram of 42 (3.4 x lone M), pH 6.98 + 


0.2 in phosphate butter, 37.5°C, V = 200 mv/s. 
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definitive in the present case because the rate of disap- 
pearance of the initial intermediate, presumably by reac- 
tion with itself is known from the voltammetric data to be 
fast on the five to seven second polarographic time scale. 
At lower pH values, the wave height, for either path, is 
due to the irreversible acid induced opening of the aziri- 
dine ring. Although it is not possible to obtain infor- 
Mation about the chemical steps which follow the initial 
reduction from polarography, these steps may be character- 
ized using the cyclic voltammetric data. The reactions 
must be both rapid and irreversible to explain the lack 

of a IA peak in the single scan voltammetric curves (ex- 
cept at very high scan speeds) and the absence of IC and 
IA from the later scans of the multicycle voltammetry. 

It seems likely that the reactions involved are the de- 
methoxylation and aziridine ring opening. 

The half-life of the semiquinone of mitomycin C may 
be estimated from the cyclic voltammetric bres o2 The 
time elapsed between IC and the subsequent IA is twice the 
difference between Ey and the reversal potential of 


=0./5. V divided by the scan rate, Vv, or 0.76 /,), For the 


first intermediate (either hydroquinone for path A or semi- 


Guanone stor path, B)iito react to. the pointewhere ma © would 
not be detectable on the reverse scan would require five 
or six half-lives. This situation arises at v = 100 mV/s. 


Thus the time required for these six half-lives is 7.6 
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seconds and the half-life is of the order of one second. 
If path A is operating this is the half-life of the hydro- 
quinone and therefore also the maximum half-life of any 
semiquinone intermediate, while if path B is followed this 
value of approximately one second represents the half-life 
of the semiquinone itself. 

The differences in the behavior of wave I of mito- 
mycin C and the demethoxylated derivative 42, though slight, 
are real at high scan rates, which would be the case if 
the demethoxylation following the initial reduction pro- 
ceeds at an extremely fast but finite rate. 

The waves and peaks designated as II, if path A is 
operating, are due to the two electron, two proton reduc- 
tion of the aziridine ring-opened derivative 43; for path 
B they correspond to the one electron, one proton reduc— 
Eron vor the semiquinone to the hydroquinone of 43.0 this 
process is almost certainly electrochemically reversible 
but does not appear so because the chemical steps pre- 
ceding it are not infinitely fast. Since wave I is ab- 
sent for 43, path B predicts that the semiquinone of the 
ring-opened derivative is extremely short-lived to the 
point of nonexistence, thus wave II for the ring-opened 
derivative: 43, corresponds to a two electron, two proton 
reduction directly to the hydroquinone. On the other hand, 
if path A 1s operating, the splitting of peak Il into two 


voltammetric peaks at higher scan rates may indicate the 
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step-wise reduction of 43 via its semiquinone. Waves III 
and IV, present for all three compounds, appear to be due 
to further decomposition of the mitosane skeleton. Experi- 
ments designed to distinguish between the two pathways are 
presently underway. 

Mitomycin C and compound 42 have very similar re- 
duction potentials, whereas the ring-opened derivative is 
more difficult to reduce. Since the rates of cleavage of 
PM2 CCC-DNA by all three compounds in the presence of a 
limited amount of reducing agent are very similar, the 
controlling factor in the scission process may be the rate 
of reoxidation of the reduced forms from closely similar 


oxidation levels. 
Summary and Conclusions 


Making use of the rapid and convenient ethidium 
fluorescence assay, the interaction of mitomycin C and its 
derivatives with DNA has been studied. Studies with the 
ring-opened derivative 43 and studies of the pH dependence 
of covalent cross-linking and alkylation of DNA by mito- 
mycin C, have confirmed the involvement of both the aziri- 
dine and carbamate groups in the covalent attachment to 
DNA. The step-wise nature of covalent cross-linking by 
mitomycin C has been demonstrated. The observed ability 
of the mitomycin derivatives 42 and 43 to form covalent 


bonds to DNA efficiently, raises the possibility that these 
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and other metabolites of mitomycin C may be involved in 
the mechanism of action of mitomycin C. 

It has been shown that mitomycin C induces single 
strand scission in DNA by the generation of superoxide and 
hydroxyl radicals. This contrasts with the previously pro- 
posed mechanism of DNA degradation, *+ Furthermore, it is 
possible that the scission process may be enhanced by a 
proximity effect arising from the covalent interaction of 
the mitomycin with the DNA. The efficient strand scission 
produced by the mitomycin C derivatives 42 and 43 again 
raises the possibility that these and other metabolites 
May Contribute to the biological activity of matomycin C. 

The electroanalytical studies have provided infor- 
mation about the steps involved in the reduction of mito- 
mycin CG. The short-lived nature of the semiquinone of 
mitomycin C described by Nagata and Matouyama°- was con- 
firmed. Continuing electroanalytical studies should pro- 
vide more detailed information about the pathway by which 
mitomycin C is reduced. 

A summary of the chemical transformations that may 


be involved in the biological activity of mitomycin C is 


presented in Figure 22. 
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Experimental 


All fluorescence measurements were performed on a 
G.K. Turner and Associates model 430 spectrofluorometer. 
Absorbance measurements were made on a Gilford 2400 spec- 
trophotometer. Polarographic glass and teflon cells of 
conventional design were employed in a three-electrode 
assembly. The temperature of the cell was maintained at 


B20 0.2 Coby) Circulation or thermostated water. Tie 


dc polarographic studies were made with a Model 174A Polar- 


Ographic Analyzer (Princeton Applied Research) equipped 


with Model 174/70 Drop Timer. Cyclic voltammetric measure- 


ments were made uSing the Model 173-176-175-9323 configur- 
ation of the same manufacturer. Curves were recorded on 
an X-Y recorder or photographed on an oscilloscope as re- 
guired by scan rate, v, which ranged from 10 mV/s to 50 
V/s. Measurements of pH were carried out before and just 
after each run with a Accumet Model 520 pH Meter and com- 
bination glass-SCE electrode. Radioactivity was counted 
in Aquasol on a Beckman &S=-250 Liquid Scintillation Coun-— 


ter. 
Materials 


Ethidium bromide, and catalase were purchased from 
Sigma Chemical Co. Mitomycin C was from Calbiochem and 
Kyowa Hakko Kogyo Chemical Co. Sephadex G-100 superfine 


was from Pharmacia and DEAE cellulose was obtained from 
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Whatman. iA, PM2, C. perfringens, E. coli, and calf thy- 
mus DNA were a gift of Dr. A.R. Morgan. Superoxide dis- 


mutase was the gift of Dr. Alan Davison. 
Fluorescence Assay for Detecting CLC-Sequences 


All measurements were performed on a G.K. Turner 
and Associates model 430 spectrofluorometer equipped with 
a cooling fan to reduce fluctuations in the xenon lamp 
source. Wavelength calibration was performed as described 
in the manual for the instrument. One centimeter round 
cuvettes were used. The excitation wavelength was 525 nm 
and the emission wavelength 600 nm. Medium sensitivity 
(X100 scale) was generally used and water was circulated 
between the cell compartment and a thermally regulated 
bath ate 22°. Small samples (5 — 20 jil). from reaction mix— 
tures were added to 2 ml of the assay mixture which was 
20 mM potassium phosphate pH 11.8, 0.4 mM EDTA and 0.5 ug/ 
ml in ethidium bromide. The instrument was blanked with 
the assay mixture. 

The cross-linking assay was carried out as follows: 
a Opie aliquot of theveross=linking reaction mixture, was 
Giivtedeins 2 ml om the assay. solution. Sine fluorescence 
of the diluted solution was measured. The solution was 
then heat denatured at 96° for 2 minutes, cooled in ice, 
and equilibrated in a water bath at 22° for 5 minutes. 


The fluorescence of the solution was again measured. The 
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ratio of the fluorescence after heating to the fluorescence 


before heating gave the extent of covalent cross-linking. 


General Procedure for Determination of Cross-linking and 


Alkylation of DNA with Reduced Mitomycin C 


Mitomycin C was added as a 200 ug/ml solution in 
water, and DNA as aqueous solutions. Reaction mixtures 
were bDurtered to the appropriate pl with, acetatesat pH 5.0 
Suewi Ein pOtassium: pnoSpnate, at pH 6.0, 7.2" se eOor 10.s. 
Mitomycin C was reduced in the cross-linking solutions by 
an aqueous solution of sodium borohydride. Cross-linking 
reactions were carried out on a scale of 40-100 ul. Re- 
action solutions had concentrations of approximately 
ee Ax60 Ola SONA UO  USe Me OLe Darter 006 be ws Oe ade 


He) 32 Mur eke Maatomycimucwand ales 7 oy 2s ance 
ng M of sodium borohydride respectively. 10 ul samples 
were removed at timed intervals and analyzed for extent 

of cross-linking by the fluorometric assay described above. 
A control mixture prepared as above but containing no 
mitomycin C was run with each experiment. Assay of the 
control reactions showed no cross-linking in each case, 


and that none of the components of the reaction mixture 


interfered with the ethidium fluorescence. 
Correlation of Loss of Fluorescence with Binding Ratio 


Reactions were carried out on a 600 wl scale. Re- 


action solutions had concentrations of 0.520 Ax 60 OL 
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M of sodium boro- 
hydride. After 30 minutes the solutions were assayed for 
loss of fluorescence by the fluorometric assay described 
above. Two 100 ul aliquots were removed from each solu- 
tion, added to Aquasol and counted in a liquid scintilla- 
ELOny Counter ain, Onder, to correlate the: radioactivity of 
the DNA with its absorbance at 260 nm. The counts were 


corrected for mitomycin C quenching. 


Unbound mitomycin C was removed from the reaction 


solutions by dialysis vs 10 mM potassium phosphate, pH 11.8, 


0.1 mM EDTA. Binding ratios were determined by the pro- 
cedure of rome 4 except that nucleotide concentrations 
were determined from radioactive counting. The nucleotide 
concentration was calculated using an extinction coeffic- 
Pent of 7,000 for DNA ate 260 nm.” The bound mitomycin con— 
centration was calculated from the absorbance of the di- 
alyzed reaction solutions at 314 nm using an extinction 
coefficient of 11,000 for=bound mitomycin. ‘The absorbance 
at 314 nm was corrected for DNA absorbance at this wave- 
engi usingeanw extinction coefficient Of 2o2efor DNA at 
314 nm, calculated from the control reaction (mitomycin 


€ concen 0). 
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Cross-Linking by Mitomycin C Without Reduction 


The reaction mixture contained hk DNA at 0.7 Ad6o9! 


O05 Meacetare Durter, pH 470),-and. micomycin Coat o.0x 

-4 . 
10 M. 15 wl aliquots were analyzed for extent of cross- 
linking as described above. A control experiment at pH 


4.0 with no mitomycin C added showed no cross-linking. 


Procedure for the Study of Step-Wise Covalent Cross-Linking 


of DNA by Mitomycin C 


The following three reaction solutions were pre- 


pared on a 1 ml scale: Solution A contained: i DNA at 
1.34 Aj¢9, 0.05 M acetate buffer, pH 4.0, and 3.6 x DOw aM 
mitomycin C; Solution B contained: i DNA at 1.34 Ad 69 and 


O205eMeacetate butter, pH 420; Solution C contained: )0.050M 
acetate buffer, pH 4.0 and 3.6 x ae M mitomycinsCc. seine 
three solutions were incubated for 1.5 hours at ambient 
temperature. 10 ul samples of solutions A and B were ana- 


lyzed at time intervals by the ethidium assay described 


above. 
Solution Time % Cross-Linking 
A a 9% 
A 40’ 503% 
A ho) 52% 
B nies 0% 
B 40' 0% 
B 20% 0% 
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The three solutions were individually dialyzed for 
253 hours at.5° vs. 20 mM phosphate, pH 7.0, 0.4 mM EDTA. 

The following reaction mixtures were prepared from 
dialyzed solutions A and B: 90 yl of the dialyzed solu- 
tion was made up to a 100 ul solution containing 0.05 M 
phosphate buffer, pH 7.0 and 5.3 x 10° M sodium boro- 
hydride. The solutions were approximately 0.65 A560 in 
DNA. The solutions were incubated at ambient temperature 


and 15 yl aliquots were analyzed at timed intervals for 


extent of cross-linking. 


Solution Time % Cross-Linking 
Dialyzed A On 47% 
Ze 49% 
By 58% 
OM 65% 
Anon 62% 
Dialyzed B On 0% 
em 0% 
57 
Oy % 
ey 0% 


A control experiment was carried out to show that 
all the free mitomycin C was removed by dialysis. A 100 yl 
SOCOM containing 5) pl of dialyzed ‘solution ¢C, 0 705 9M 
phosphate buffer, pH 7.0, native i DNA at 1.01 Axr6Q! and 


3 


5.3 x 10 ~ M sodium borohydride was incubated at ambient 
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temperature. Analysis of 15 yl aliquots at timed intervals 


by the fluorescence assay showed no cross-linking. 


Procedure for Determining Covalent Cross-Linking of DNAs 
of Different (G+C) Content by Activated Mitomycin C 


14.8 x 10°, 


Tay Se A 


The DNAs used were £. colt [M.W. 


(G+C) content = 50%]; calf thymus [M.wW. 
(GC) ‘content — 402%]; C. perfringens [M.W. = 1174 x TO 
(G+C) content = 30%]. The molecular weights were deter- 
mined by sedimentation velocity studies. Reaction solu- 


tions were; prepared as described above. Concentrations 


im the final reaction mixtures were: DNA at 1.2072 


200, 
Uno ome poOsDhate Dulilem,, pH vac, MLCOMyCIN «Ceat Uonor 
3.0 x 10° M and sodium borohydride at 1.3 or 6.6 x Tome 


respectively. Reactions were run at ambient temperature 
and aliguots were removed at timed intervals and analyzed 
for the extent of covalent cross-linking by the ethidium 
assay. The average number of cross-links per molecule, m, 
was calculated using the formula m = ln CAoe) where Ps alte 


Eee proporc1on of molecules unlinked: 
General Procedure for the Determination of Cleavage of PMZ 
CCC-DNA with Mitomycin C 


Experiments were carried out on a 100 yl scale. Re- 
-4 : 
action mixtures contained: 3.0 x 10 Ma Mast OMly.G ti Cayo reese 


ae M sodium borohydride, PM2 CCC-DNA at 1.12 Areor and 
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0.05 M phosphate buffer, pH 7.2. 15 ul Samples were ana- 
lyzed by the ethidium fluorescence assay as described above. 
A control experiment containing no mitomycin C was run 
with each experiment. Analysis of the control reaction 
showed a 75% return of fluorescence after heating (iden- 
tical for DNA alone) indicating the PM2 was nicked to the 
extent of about aie? (CCC-DNA gives a 30% increase in 
tiuOorescence on nicking). 

Inhibition experiments were performed as above 


Ween tie: A001 EiOn Obs the inhibitors lasted sn wableele 


and Figure 13. 


Procedure for Studying the Proximity Effect in the Mito- 


mycin C Induced Single Strand Scission of PM2 CCC-DNA 


The following three solutions were prepared on a 


fem escale:) “Solution A’ containing: —~ PM2Z2 CCC-DNA at 


4 


Dean 0.05 M acetate buffer, pH 4.0, and 5.1 x10 °M 


260° 
mitomycm Ce Solution Becontaining:» PM2. CCC-ONARaL 
2.47 A460 and 0705 Meacetate butter, pH 4.0; Solmtron ¢ 

4 


containing: 0.05 M acetate buffer, pH 4.0 and 5.1 x10 °M 
MicLomnycin, C. 

The three solutions were incubated for 1.5 hours 
at ambient temperature and then applied to a 10 ml column 
of agarose (Bio Gel A-15 M, 50-100 mesh) eluting with 1 mM 
potassium phosphate at pH 8.0, hee M EDTA. The fraction 


between 3.5 and 5 ml of eluent was collected in each case. 
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Fluorescence analysis of this fraction from solutions A 
and B indicated that it contained most of the DNA. 
Scission reactions with chromatographed solutions 
A and B were performed at ambient temperature in 0.05 M 
phosphate buffer, pH 7.0 containing approximately 1.1 An 60 
of chromatographed DNA and 5.3 x ome M sodium borohy- 
dride. Additional experiments also contained 4.1 x ome M 
Catalase on 0.25) M asopropyl alcohol. 
A control experiment was carried out to show that 
all the free mitomycin was removed by the gel filtration. 
A 100 ul solution containing 85 ul of chromatographed 
Solution C7..0.05 Mepnosphate butter, pu 720, native ©MZ CCC— 


3 


DNA at 0.99 A and 5.3 x 10 ~ M sodium borohydride was 


260’ 
incubated at ambient temperature. Analysis of 15 yl ali- 
quots at timed intervals by the ethidium assay showed no 


Single strand scission of the DNA. 


Control Experiments for Possible Inactivation of Superoxide 
Dismutase by Mitomycin C 


In a typical experiment a solution of 1.5 x ome, M 


superoxide dismutase, 3.0 x Home Mil COmyCr nC, sand. > ..0)5x 
100 M sodium borohydride ian phosphate buffer at pH 7.8 
Was incubated at ambient temperature for 1 hour: In a 

5 ml flask was mixed a 107° M xanthine solution (0.5 ml), 
a Mites ManDUMEsGIUutloOn lO. > mL), a ex oie M cytochrome 


C solution (2 ml) and 0.5 ml of the superoxide dismutase- 
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mitomycin C-borohydride solution. After diluting to 5S mi 
with phosphate buffer at pH 7.8, 3.5 ml of the solution 
Was Cransterrea to a cuvette, After the absorbance at 
550 nm was recorded, 100 ul of xanthine oxidase solution 
(0.18 ug/ml) was added. The solution was mixed and the 
absorbance at 550 nm was followed. The results for this 
and additional experiments are shown in Figure 15 where 
no inhibition of superoxide dismutase by either mitomycin 


Cyor its reduced £o0rm is evident. 


Control Experiments for Possible Inactivation of Catalase 


by Mitomycin C 


In a typical experiment a solution containing 3.0 x 
OES Memiucomycin. © sand 5235 x on M sodium borohydride in 
pH 7.0 phosphate buffer was incubated with catalase at 
4 x Tome Meat. 02 fore lehour,)s2. ml OF this solution was 
added to hydrogen peroxide such as to obtain a final vol- 
MnevorevOsml, 0.02 °M>in H,0.- The decomposition of H50. 
at 0° was determined by the following method. At timed 
intervals, 1 ml of the reaction mixtures was withdrawn 
and transferred to a 50 ml volumetric flask. containing 5 
ml of 10% sulfuric acid and the whole made up to the mark 
Wwithewater.suTo O15 ml Of this tsolution in8a;i0=ml volu= 
metric flask was then added successively 1 M potassium 


iodide (0.5 ml), 1 mM acidified ammonium molybdate solu- 


Trove (Uso em) ean 2s starch solution: (0. 250ml). she sre 
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sulting blue solution was then diluted to 10 ml and the 
absorbance at 580 nm recorded. The results of this and 
additional experiments are shown in Figure 16 where no 

interference with the action of catalase by either mito- 


mycin C or its reduced form is apparent. 
Preparation of Demethoxylated Mitomycin C 42 


Mitomycin C (33 mg, 0.1 mmole) was hydrogenated over 
5% palladium on charcoal in 10 ml of ethyl acetate. After 
one equivalent of hydrogen was absorbed, the solution was 
filtered and the filtrate exposed to air oxidation. Re- 
moval of the solvent tn vaeuo gave 8 mg of 42 as a purple 
solid which was purified by recrystallization from ethyl 
acetate: petroleum ether. 

The absorption spectrum max (H20) : 248 nm (log € 
Soe woleonm £ loge 3.600) > 364 nm {log 2) 43. 79). 34 7 an 
(LOG te oe 52) % 

The infrared spectrum Vmax (KBE ease) 3520 DE; 
1713. 0C=O20f OCONH.) ; 1650 (C=O of quinone); 1600; 1548; 


525-5012 10 ses This preparation follows the general 


procedure of reference 20d. 


Acid Catalyzed Opening of the Aziridine Ring of Mitomycin 
a ee 


Cae De paral Of 45. 


Hydrolysis of mitomycin C was carried out according 


20a 


to the procedure of Stevens and coworkers using dilute 


hydrochloric acid. The crude hydrolysate was recrystal- 
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lized from dimethylformamide: water to give 17% yield of 43 
as dark purple crystals. 

The absorption spectrum dinax (CH30H) : 248 nm (log 
Gao )taee 09, nmm(Log ie 3278)"; 343 sme (sh) Gogee 36524 
Sozerime a(loge es 2124/3)". 

The infrared spectrum V wax (KBE disc) 3339 00 bre 
1695 (C=0 of OCONH.) ; L650 (C=0 of quinone); 15943-1376 
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General Procedure for Determination of Cross-Linking of 


DNA with Reduced Mitomycin C Derivatives 


Experiments were performed as described above for 
mitomycin C. Reaction solutions had concentrations of 


approximately 1.01 A Of J) DNA, (005) Mo phosphate butter, 


260 
Died 20% 4 3 x ome M of mitomycin derivative, and o.3 x 
EOme M sodium borohydride. 15 wl aliquots were analyzed 
for extent of cross-linking by the fluorometric assay. 
Control reaction mixtures run with each experiment and 


containing no mitomycin derivative showed no cross-linking. 
Tapieniy, 
Cross-Linking of X DNA by Reduced Mitomycin C Derivatives 
Fluorescence Fluorescence 


Time Before Heat After Heat 
Compound (Min. ) Denaturation Denaturation % Cross-Linking 


42 5 40 34 85% 
10 40 34 85% 
43 5 57 Pant 0% 


10 63 0 0% 
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General Procedure for the Determination of Interaction of 


Reduced Mitomycin C Derivatives with PM2 CCC-DNA 


Experiments were performed as described above for 
mitomycin C. Reaction solutions had concentrations of 


approximately 1.00 A Of PM2 CCC-DNA, 0.05 M phosphate 


260 
DUEECT A Dile #00 on 2 ex TOes M mitomycin C derivative, and 
Doe x oe M sodium borohydride. Additional experiments 
also contained 0.25 M isopropyl alcohol. 15 yl samples 
were analyzed by the ethidium assay. Control experiments 
lacking mitomycin derivative showed a 55-60% return of 
fluorescence after heating (identical to DNA alone) in- 
dicating this sample of PM2 DNA was nicked to the extent 
of about 40%. 


The following experiments were carried out by Dr. 


A.R. Morgan and D. Johnson in the Department of Biochemistry 


at the University of Alberta. 


Purification and Fluorometric Assay of S,-Endonuclease 


The S,-endonuclease was purified by the method of 
ieee with the omission of the SP-Sephadex C-50 chro- 
matography, the final step being Sephadex G-100 superfine 
chromatography in a buffer containing 30 mM sodium acetate 
DH) 4.55.10 mM sodium chloride, 30.mM zinc sulfate, jand 
10% aqueous glycerol. The G-100 fraction on SDS poly- 


acrylamide gel pleetrophoresic. | gave one major protein 


band and one minor band and was essentially inactive on 
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duplex DNA. The standard S,-endonuclease reaction con- 
tained 30 mM sodium acetate pH 4.5, 50 mM NaCl, 1 mM 
ZnSO,, 2A, 66 of heat denatured calf thymus DNA with incub- 
ation at 45°C. 20 ul samples of the reaction were added 
to 2 ml of ethidium bromide assay solution at pH 8, (5 mM 
Pri seiel pies 0. oe MMeEDTANand 0.5 g/ml) ethidium: bronmude)s. 
Under these conditions denatured DNA exists with about 

50% of its structure being in short intramolecular duplex 
regions.>> On a nucleotide residue basis, the fluores- 
cence enhancement is 50% that of native DNA, and this is 
lost on degradation with S,-endonuclease. ’ Therefore in 
calculations on the extent of cross-linked DNA using the 
Sy assay, the DNA resistant to Sy is taken to have twice 
the fluorescence enhancement per nucleotide residue of 
that which is degraded. Due to the slight activity of 

the S,~endonuclease preparation on duplex DNA the kinetics 
of degradation were always followed. After the initial 
very rapid degradation of denatured DNA, the cross-linked 
DNA was very Slowly degraded. 

E. colt DNA which had been covalently cross-linked 
with reduced mitomycin C was dialyzed overnight at 4° in 
10 mM potassium phosphate pH 11.5, 0.1 mM EDTA, neutral- 
Pecevetu bo Olen TrissHCl pH 6 (final concentration 25° mM) 
and heat denatured (5 minutes at 95°). To 80 wl were 


addeda 20h 5x9S. assay pH 4.3 (final pH about 4.6). Af= 


1k 


ter removal of the first 10 yl sample, 1.5 units of puri- 
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fied S,-endonuclease were added and the mixture incubated 
at 45°. 10 ul samples were added to 2 ml of the ethidium 
bromide pH 8 solution and read as described previously. 
Heat denatured and native F£. coli DNA were incubated as 


controls. 


Assay for Depurination or Depyrimidation of Polynucleo- 


tides Treated with Reduced Mitomycin C 


Poly Alorclooe 7e even C) was incubated at 22° in 
0.05 M sodium acetate buffer pH 4.5 with increasing con- 


centrations of mitomycin C (0.6 - 3.0 x We 


M) and with 
a constant molar ratio of sodium borohydride (NaBH4/mito- 
mycin C = 10:1). After 10 minutes, duplicate samples were 
removed, placed on Whatman filter discs, washed 3 times 
with 5% trichloroacetic acid, then two times with ethanol, 
dried and counted. 

Under these conditions £. coli DNA showed a direct 


relationship between the magnitude of the loss of fluores- 


cence and the concentration of mitomycin C. 


Binding of Ethidium Bromide to DNA Covalently Cross-Linked 


and Monoalkylated with Mitomycin C 


DNA samples which had been treated with reduced 
mitomycin C were dialyzed against 10 mM potassium phosphate, 
piolia7, Onl mM EDTA. The % of cross=linking was deter- 
mined by ethidium fluorescence before and after dialysis. 


The absorbance of the dialyzed DNA was measured at 260 nm 
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on a Gilford 2400 spectrophotometer. Increasing amounts 
of this DNA were added to an ethidium bromide solution, 


pH 8.0 and the fluorescence per A added was calculated 


260 
versus a known amount of DNA as standard. 
The following work was carried out by Dr. J.A. 


Plambeck and Dr. G.M. Rao in the Department of Chemistry 


at the University of Alberta. 


Electroanalytical Procedures 


ReStochucolutionwoL siete 10m 


M mitomycin C was 
Rrepdted seRAcetaccem (DH a<85..9)y phosphate 9( 5.0 uu bimcuors) 
eNGetriS (paseo. |) bur ters of.0 133 1M eee prepared in 
0.133 M potassium chloride solution. The samples were 


prepared in the cell to give 3.4 x ase 


MOG mitomycin GC 
POs Dut fer and sal sog0cl M KCL. | The mitomycin. C,de— 
rivatives were treated in a similar manner. The solutions 
used for cyclic voltammetry were buffered at pH 6.98 + 
0.02 with phosphate. All solutions were deaerated with 
purified nitrogen gas for 10 minutes and blanketed with 
Tteduring Gach run. “The polarographic drop) time was con= 
trolled at 1.0 second and the mercury flow rate was 0.93 


Ma/7secs Ally potentials are quoted relative’ to tie satur— 


ated calomel electrode. The reversibility of the polaro- 


graphic electrode reaction was determined from conventional 


Meo p ideas 21 plots. 
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CHAPTER IV 


STUDIES OF BENZOQUINONES RELATED TO MITOMYCIN C 


A great many benzoquinone derivatives have been 

shown to be good antibiotics and antineoplastic agentse 
For the most part, their mode of action has been proposed 

to involve covalent alkylation and cross-linking of DNA 

and the most effective compounds are usually bifunctional. 
In addition to the quinone ring system many of these com- 
pounds, including the clinically important antitumor agents, 
trenimon Dom 2,5-bis (l-aziridiny)j=—3) 6-dipropoxy—1.4— 
benzoquinone = 46a,mand »275-b1s(l—-aziridiny |!) —370-bisi(2— 


Seo tie have other features 


methoxyethoxy) -1,4-benzoquinone 46b, 
in common with the mitomycins, such as aziridine or carba- 


mate groups. Consequently, we decided to prepare a 


i AS Ly OR 
ye 1 Wi RO i 0/ 


22 46 a R=nC ,H 


b R=CH,CH,OCH, 


series of benzoquinones containing the aziridine group and 
to investigate their interaction with DNA by the convenient 


ethidium fluorescence assay in order to investigate any 


1s) 
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possible correlation between cross-linking ability and 
antitumor activity. In addition, we hoped to obtain infor- 
Mation about the reactivity of the aziridine group in re- 
Paton tothe reactivity of this group in mitomycin c. 

It has been proposed that the essential portions 
20d 


Of Ene micomycin Structure can be represented by 23. 


Charge delocalization of the corresponding hydroquinone 


O 
CHaX 
R i 2 
R N CHY 
Cre 
R 
24S} 


can then result in o-quinone methide-like intermediates as 
Pilestrated in, scheme 95s sarcorell 1 yandscoworkers pre— 
pared a series of substituted naphthoquinones 24 and p- 


benzoquinones 25 as potential bioreductive alkylating 


et 


a oa ee 
ysevetones & 
ay 


it o 
o uh * 
! Fz cts <4 Tee 


137 


agents since on reduction these compounds are capable of 


forming quinone methides,°#13> 


These compounds were tested 
for antitumor activity and many were found to show signif- 
LCatt activity. 


We undertook to prepare a series of p-benzoquinones 


having a carbamate as the leaving group (47590) inorder 


O ° re) 0 
CH, CH.OCNH., CH, CH.CH.OCNH., 
H CH3 H CH, 
O 
47 48 
O i O O 
I 
CH.~OCNH 
CH, 2 2 CH, CH. CH.,OCNH.}, 
Oe CH3 sp Paracer heey CH, 
0) 
O O O 
49 50 


to obtain information about the alkylating ability of the 

Carbamate group in mitomycin C. The effectiveness of these 
compounds in alkylating and cross-linking DNA was examined 
by the ethidium fluorescence assay. By comparison of com- 


pounds 47 and 48 and compounds 49 and 50, it was hoped to © 
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determine the influence of charge delocalization of the 
corresponding hydroquinones on the alkylating ability of 
such compounds. Arrangements were made to have these com- 
POUNGS tested tor antitumor activity iso that possible’ cor 
relations between cross-linking and activity could be ex- 
amined. 

Deseries@or 2), 0-da substituted yp ben zoquinones jo.) 
was also prepared. Their ability to alkylate and cross- 


link DNA was examined and compared with the series of cor- 


O 
CH. CH, X 
XCH. CH, 
O 
oul 


responding 2,3-disubstituted p-benzoquinones prepared by 
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Studies of Mitomycin C Analogs 


Synthesis of-Analogs of Mitomycin C 


Because OL the relatively short, span (4.3 A) be- 
tween the alkylating sites of mitomycin C, the number of 
potential alkylating sites on DNA is limited. In order 
to provide greater conformational flexibility between the 
alkylating centres, we prepared a series of analogs in 
whieh the C-97; -C-9a) bond has been broken] This) group of 


analogs 52 possesses what are regarded as the essential 


re 
i 
N 
CH,CH,OCNH, 


structural features necessary for physiological activity. 
Compounds 52s retain the reactive azixidine and carbamate 
groups which have been shown to alkylate DNA. The dis- 
tance between the two potential aziridine alkylation cen- 
Ereceisecomecrable to) that) ot the clinically useiul 275= 


diaziridinoquinones. In addition, it was hoped that the 
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greater conformational flexibility between the alkylating 
centres of 52 would compensate for the loss of conjugative 
interaction provided by the indole nucleus of mitomycin C. 
The quinone function was retained for two reasons: (i) so 
that the structure of the analogs would resemble mitomycin 
for possible intercalative properties and (ii) to deter- 
mine if analogs of this type can degrade DNA as has been 
establ1shed for aitomyein Cc: and streptonigrin.>° 
The mitomycin analogs were prepared by a converging 
scheme. Functionalized quinone having the required carba- 
Mate side-chain 53 was prepared by the following route due 
to Nakao and eae as (Scheme 11). The required bi- 
cyclic aziridines were prepared by 1,3-dipolar azide addi- 
Elen, tOw3=pyrroline: 54 to give a triazoline 55 which ywas 
subsequently photolyzed (Scheme WP) ee The mitomycin ana- 
logs were obtained by coupling the bicyclic aziridine, to 


functionalized quinones using copper acetate as a catalyst 


(Scheme ey 5 
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Scheme 11 
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Scheme 12 
H - 
H 
H hv 
| + RN 
3 ~ Ws 
Sy R 56 
54 
pt 55 a R = pBrC-H, 
b R= CoH. 
c R = p CHOC H, 
Scheme 13 
ah 
H rf) 
CHAR 
CH N 
Re ent 
f 
OT 
Cu(OAc),.H,0 Sp SS 
CH,OH, 0, 
a R= CH,OCONH,, Ry = pBrC-H, 
b R= CH,OCONH, , Ry = CoH. 
c R= CH,OCONH,, R} = pCH,0C;H, 
a =R =H R) = pBrC,B , 
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Detection of Covalent Cross-Linking of DNA by Bicyclo- 


aziridinoquinones and Confirmation by S,~Endonuclease 


The synthetic analogs 57 were incubated in 202% 
aqueous pyridine with \ DNA in an acetate buffer at pH 
4.5. The induction of covalent cross-links was detected 
by the ethidium fluorescence assay as summarized in Table 


Ils. From the results it is evident that cross-linking is 


Table 18 
Induction of Covalent Cross-Links in i DNA by 


Mitomycin Analogs 


Time to 

Concentration Maximum % Reach 
Compound ug/l Cross-Linking Maximum 
57d Ph eis 78% ZA0emin. 
57a 25 615 TSOanin:. 
57D 255 38% 90 min. 
57c 225 34% 240 mine 


occurring at the two aziridine groups. The carbamate does 
not appear to be involved in the covalent binding to DNA. 
The span between the alkylating centres of 57d is ea. 10.1- 
LOR A as compared to ca. 4.3 A ley Hibiaslelihicousee NS abate het nents te 
that bifunctional alkylating agents of quite different 


dimensions may be accomodated by cross-linked DNA. An 
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electron-withdrawing group in R, seems to enhance the 


1 
efficiency of covalent cross-linking. 
The induction of CLC sequences with compound 57d 


was confirmed independently by the S, ~endonuclease assay 


gescribed in Chapter Ill (Table 19) ~ “The lower values for 


Table 19 
Confirmation of Covalent Cross-Linking of DNA by Mitomycin 


Analogs by S,;-Endonuclease Assay 


Time (min. ) 


10 90 195 270 
SeCross-Linking: Dy. 
Ethidium Fluorescence Assay 16% 20% 27% 25% 
; Cross-Linking by 
S,~Endonuclease Assay 9% 15% 19% 16% 


covalent cross-linking are due to the use of £. coli DNA 
of much lower molecular weight (14.8 x 10°) than, thatvot 
the A DNA (31 x VOC. The two assays show a satisfactory 
correlation. 

No loss of fluorescence due to alkylation of the 
DNA was observed, reflecting the lower alkylating ability 
of the analogs as compared to mitomycin C. On incubating 
57d under reducing conditions with PM2 CCC-DNA, no single 
strand cleavage was observed. 

The four mitomycin analogs 57a=d were tested for 


antitumor activity against Sarcoma 180 ascites cells. 
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in mice by Professor Alc. Sartorelli at the School of 
Medveine or Yale University. All of them showed little or 


no activity against this neoplasm. 
Studies on Aziridinoquinones 
Mode of Cytotoxic Action of Aziridinoquinones 


Many aziridinoguinones are active antitumor agents. 


Although the mechanism by which these compounds exert 


their activity is not known with any certainty, suggestions 


that have been made include: (i) alkylation and cross- 


fanking Or pna/t 


(ii) production of hydrogen peroxide and 
other oxidizing species by intracellular redox reactions 

of the quinones. ’—- Efforts have been made, without much 

success, to correlate antitumor activity with magnetic 


susceptibility and electron delocalization’? 


and with par- 

tition coefficients between benzene and aqueous phosphate 
74 

buifer solutions. 


We have prepared aziridinobenzoquinones of the gen- 


eral types 58 and 59 and investigated their interaction 
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with DNA by the ethidium fluorescence assay. Most of the 
compounds were prepared by published procedures. 
valent cross-linking and alkylation of \ DNA by compounds 
of this type in the concentration range 0.01-0.4 ug/ul was 
established by the fluorescence assay as is illustrated in 
Figure 23 and Table 22 where agents are listed in order of 
decreasing cross-linking ability. Independent confirma- 
tion that this assay detects CLC sequenced DNA for this 
group of bifunctional alkylating agents was again obtained 


by the S.-endonuclease assay aS Summarized in Table 20. 


a 
Table 20 
Confirmation of Covalent Cross-linking Of @DNAU by. 


Aziridinoguinone 58* with the S,-Endonuclease Assay 


Time. (min. ) 


0 45 35 
% Cross-Linking by 
Ethidium Fluorescence Assay 3.4% 42.5% O33 % 
$ Cross-Linking by 
S,-Endonuclease Assay 9.73% 26.01% 42.03 
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MAXIMUM % CROSS -LINKING 


0 2 40 60 80 100 120 140 160 180 
TIME IN MINUTES 


Figure 23. pH dependence of covalent cross-linking 
of A DNA by 2,5-bis(aziridinyl)-3,6- 
dimethoxy-1,4-benzoquinone at a final 
concentration of 0.05 ug/ul. Reactions 
were carried out in approximately 0.05 M 
buffered aqueous solutions at 37° with a 


final DNA concentration of 1.40 Area: 
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PH Dependence of Covalent Cross-Linking and Alkylation of 


DNA by Aziridinoquinones 


As was observed with mitomycin C, the detection of 
aziridinoquinone induced covalent cross-linking of DNA 
was often accompanied by a suppression of the ethidium 
fluorescence. By analogy with the results obtained with 
mitomycin C, it seemed likely that this phenomenon could 
be attributed to alkylation of the DNA with a resulting 
POSS Of pOtentialwmintercalation sitesston ethidium. An 
experiment Similar to that described, for mitomycin CG was 
carried out to show that the loss of fluorescence was not 
due to depurination or depyrimidation or to large scale 
degradation of the DNA. 

A synthetic polynucleotide containing selective 
radioactive labels in the purine and pyrimidine bases was 
treated with an aziridinoquinone to the stage where in a 
control experiment an appreciable loss of fluorescence 
was observed. The alkylated DNA was washed with trichloro- 
acetic acid sand counted, The results in Table 21) confirm 
that the loss of fluorescence is not due to loss of bases 
or large scale degradation of the DNA. Experiments de- 
signed to correlate loss of fluorescence with binding 
Fatios, as was done for mitomycin C, are now underway in 
our laboratories. 


The pH dependence of covalent alkylation and cross- 
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Aziridinoguinone 58* 


3 
H14¢ Ratio 


| ag a be 
0.646 
0.618 
0.638 


0.708 


RP =: PR = CT - PB — Ff 
Bs ae Lis; ~~ i 
=> — 

Jsantecor wer aoc -A- —— a = 5555 = Ps 
linking by aziridinoguinones was studied. Figures 23 and 
98 werent that s+hece cnanonec chow 32 much mar = - fa 
44 reveal that these guinones snow a much more pronounce 
= i a ena ——— aa ms ear? Hs ~+= ; 
pH dependence than reduced mitomycin C. This difference 


. = 4 

=s—-ao--+-e mHaA = a sno 

agents. Me aziriaiaqaine 
2g 

Trorceciwec saceos ctarnrsc tn 

2CCCL Yoo aoolt oS lLaiivloe LU 
= 2h5 sneanis seen Rs 

of the indole nitrogen 

2 

+ _ ~~ J = BmAoIIG ane 
=~ a = = a i aa —— 

Nana, aziriainocuinone 

Seep eS aSntamnmatann rT 3 

ouire Mil CWI LAU LV a 
= 5 

Se Sha epee Sey er 
altel Us Vii bi Ve Oo hae 
ait oe . + 

we) foe Se Shee Shc enece 

Wind J247JUL 14 si Qsaovuiilcd 

= 

= +h ee te 

oft cnuese TA VOL 2iitis lo ai 


On the other 


Ss receive no such activation and re- 
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pH dependence of alkylation of DNA by 2,5- 

bis (aziridinyl)-3,6-dimethoxy-1, 4-benzoquinone 
at a final concentration of 0.8 ug/yl. Reac- 
tions were performed in 0.05 M buffered aque- 
ous solutions at 37° with a final DNA concen- 
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Dependence of Extent of Covalent Cross-Linking of DNAs by 


Aziridinoquinones on (G+C) Content of the DNA 


No evidence has yet been presented for any base 
preference in the covalent cross-linking of DNA by aziri- 
dinoquinones. Therefore the interaction of 2,5-bis(aziri- 
dinyl) -3,6-dimethoxy-1,4-benzoquinone (58, R= Ry = OCH, 
R, = H) with three different natural DNAs of different 
(GFC)S content, ¢.. perprengens (308)) calle thymus (402)), 
and £. colt (50%) was examined. Due to slight differences 
in the average molecular weights of the DNAs, as deter- 
mined by sedimentation velocities, the cross-linking ef- 
ficiencies as determined by the fluorescence assay are not 
strictly comparable. The average number of cross-links 
per molecule (m) was estimated from m = ln Ee) aS was 
donemfor mitomycin. ©. 9“Thetvalues obtained; (0.62 ,.0.935 
and 1.71 for the three DNAs are comparable to similar es- 
timates for mitomycin eee Assuming an average molecular 
weught.of 300 — 330 tor each nucleotide, the average 
number of cross-links per nucleotide was calculated to 
make the results comparable for the three DNAs. It is 
elearerrom rr 1oure 25) that. tne extent Om CoValecntschoss— 
Vinking increases with increasing (GtC) content and as in 


thesease of mitomycin © this probably indicates a, prerer— 


ence for attack on guanine. 
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Dependence of efficiency of covalent cross-linking by 
2,5-bis(aziridinyl)-3,6-dimethoxy-1,4-benzoquinone on 
the (G+C) content of the DNA. Reactions were carried 
out at 37° and contained DNA at approximately 1.2 Area: 
0.05 M acetate buffer pH 4.5, and 0.05 g/l quinone 


in 20% aqueous tetrahydrofuran. 
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Correlation of Structure, Covalent Cross-Linking and Anti- 


tumor Activity 


ieamay be seen from Table 22 that for 1,4—bpenzo— 
quinones, alkoxy substituents appear to enhance both 
antineoplastic activity and cross-linking efficiency while 
chloro substituents suppress both these phenomena. A car- 
bamate group, unless activated as in reduced mitomycin C, 
does not contribute to increased cross-linking. Alkyl 
substituents on the aziridines decrease the cross-linking 
efficiency. 1,2-Benzoquinones show both efficient cross- 
linking of DNA and good antitumor activity. 

In general, a fairly good correlation exists be- 
tween the extent and rate of covalent cross-linking of DNA 
and antineoplastic activity against Leukemia L1210 and 


several solid tumors. It is possible that this parameter 


May prove useful for the pre-screening of antitumor agents, 


recognizing of course that other biological and pharmacol- 
Ogical, parameters, in) addition to covalent cross-linking, 
(aeRO rUGMupDcaxe pat ition, mMectabOllsnpeandetOxitcrLy) 
Contribute to the ultimate effectiveness of the cancer 
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Studies on Carbamate Quinones 
ee a et ene ee One 
Preparation of Carbamate Quinones 


ANSerleb OL Carbamate quinones (47, 48, and 50) was 
prepared in order to study the effectiveness of the carba- 
mate group in alkylation reactions. These compounds, 
which are capable of forming methide-like intermediates, 
are similar to the bioreductive alkylating agents prepared 
by Sym he ei eo 0 and are also of interest as potentially 
active antitumor agents. All attempts to prepare the 
fourth compound an this ‘series 49 were wnsuccesstul,: 

The synthetic routes for the preparation of all 
four carbamate quinones began with a common starting mat- 
erial, 1,4-dimethoxy-2,5-dimethy lbenzene 60, which was 
prepared by a known route as shown in Scheme i477 Chioros 
methylation of the dimethyl ether gave a mixture of mono- 
chloromethyl compound 61 and dichloromethyl compound 62. 
The relative yields of the two products could be varied 
by changing the reaction time and also by changing the 
amount and form of the formaldehyde used. The use of 
paraformaldehyde seemed to favor monosubstitution while 
the ase of 40% formalin resulted in more dichloromethy! 
compound being formed. The two products were easily 
Sepacapie: by fractional crystallization. 


The reaction sequence for the preparation of the 


monosubstituted carbamate quinone 47 made use of the mono- 
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chloromethylbenzene derivative ol (Scheme 15) seal kal ine 
hydrolysis gave the alcohol 63. ‘The carbamate side chain 
was introduced via the phenyl carbonate ester lege Oxa- 
dation with silver oxide and nitric acid gave the quinone 
47. The corresponding hydroquinone 66 was prepared by 
reduction with sodium dithionite. 

The homologous monocarbamate quinone 48 was pre- 
DPazedras i) lustrated an Scheme 16. The side chain was 
extended by reaction with potassium cyanide followed by 
acid hydrolysis and reduction to the alcohol 70. The 
yield of the hydrolysis step was reduced by the formation 
Of the Vactone 697 probably ‘by acid catalyzed displacement 
of the methoxy group. Introduction of the carbamate and 
Oxidation, oL the dimethyl ether gave the: quinone 48 sin 
poor yield. 

The synthetic scheme for the preparation of the 
dicarbamate quinone 50 is shown in Scheme 17. Stepwise 
beduction of the diacid 7/4 07a the ester 75 was investi— 
gated but was found to have no advantage over the direct 
reduction with diborane. The dicarbamate quinone 50 was 
reduced to the corresponding hydroquinone 79 with sodium 
dithionite. 

The synthetic scheme for preparing the dicarbamate 
quinone 49 (Scheme 18) proceeded smoothly to give the di- 
methyl ether 82. However, oxidation by silver oxide and 


nitric acid or nitric acid and acetic acid under various 


conditions was unsuccessful. 
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Scheme 16 
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Study of the Interaction of Carbamate Quinones with DNA 


The interaction of the carbamate quinones 47, 48, 
and 50 with DNA was examined by means of the ethidium 
fluorescence assays. Incubation of 25% aqueous dimethyl 
sulfoxide solutions of the quinones, both unreduced and 
reduced 4 situ with sodium borohydride, with 2’ DNA at 
3/7, pH’ /.0, produced/no detectable alkylation or “cross— 
linking. The hydroquinones 66 and 72 gave the same result. 
The; interaction of quinones 47 and 50, reduced 1” situ with 
sodium borohydride, and hydroquinones 66 and 79 with i DNA 
at pH 5.0 and 8.7 was also examined. Again no alkylation 
OL. .Cross—linking .could be detected. ~The Jinteraction of 
Carbamate quinones with CCC-DNA was examined: Quinone 47, 
reduced tin situ with sodium borohydride, and hydroquinone 
66 were incubated with PM2 CCC-DNA at 37°, pH 7.0. An 
initial small increase in fluorescence of approximately 
LOsewas  ObServed with bot compounds in the stirsti 2s min— 
utes Gof reaction. «A corresponding decrease in the flucres— 
cence after heat denaturation was also observed. These 
Yesults indicate that a small amount. of quinone-hydro- 
quinone induced single strand scission of the CCC-DNA was 
taking place. However, after this initial observation no 
additional decrease in the fluorescence after heat denatur- 
ation was observed as would be expected if alkylation of 


the DNA were taking place. Thus there 1s no evidence for 
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covalent alkylation or cross-linking of DNA by any of the 
carbamate quinones or hydroquinones. 

These results support the results obtained with 
mitomycin C and its derivatives, that the carbamate group 
is much less reactive than the aziridine group. Even the 
possible conjugative interaction between the hydroquinone 
oxygen and the leaving group in 66 was not able to activ- 
ates tiescarbamace, 

These carbamate quinones and hydroquinones are 


being tested forvantitumor activity. 
Studies on Potential Bioreductive Alkylating Agents 
Synthesis of Potential Bioreductive Alkylating Agents 


A series of 2,5-disubstituted benzoquinones of the 
type 51 was prepared by the reaction sequence shown in 
Sehemer. 92) Ine removal or the ether groups 210m O2ywit 
boron tribromide led unexpectedly to complete replacement 
of chlorine with bromine. A similar ether cleavage with 
boron trichloride to give the dichloromethylhydroquinone 
84 was unsuccessful. However, the bromine atoms of the 
dibromomethylhydroquinone 83 could be replaced by chlorine 
by stirring with concentrated hydrochloric acid and sodium 
chloride. Displacement of bromine by acetate proceeded 
readily to give 85. The hydroquinones were oxidized to 
the corresponding benzoquinones, 86 and 87, with. ferric 


chloride and hydrochloric acid. Oxidation of the dibromo- 
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hydroquinone 83 with this reagent resulted in displacement 
of bromine as well as oxidation. Oxidation with ferric 
bromide and hydrobromic acid however proved unsuccessful. 
Oxidation with other oxidizing agents resulted in displace- 
ment of the labile bromine atoms. Warming 63 in ethanol 


Containing nttrvc acid. gavey the, diether SB. 
Interaction Of Bioreductive Alkylating Agents with DNA 


Sartorelli and coworkers have prepared a series of 


2,3-disubstituted benzoquinones of the type CON ee a 


O 
CH, CH, X 
CH, CH5X 
O 
SO awe ck 
Sn OCOCH , 


These have proven to be relatively active antitumor agents. 
fie was Of interest to compare the cross-linking “and anti— 
tumor activity Cf these compounds with the corresponding 
2,5-isomers, as all these compounds are potential biore- 
ductive alkylating agents. Since both the quinones “end 
hydroquinones of some of the 2,5-isomers were available, 
the efficiency of in sttu reduction of the quinones could 


be examined. Again we wished to look for a possible 
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correlation between cross-linking and alkylating ability 
and antitumor activity. 

The quinones and hydroquinones were incubated with 
A DNA at 37°, pH 7.0. The results of cross-linking mea- 
Surements are shown in Table 23 and Figure 26. None of 
the compounds produced a loss of fluorescence due to alkyl- 
ation of the DNA. The results indicate that all these 
compounds are relatively efficient cross-linking agents. 
The 2,3 and 2,5-isomers show similar activities, however 
a number of anomolies are apparent. For example, the un- 
reduced dichloroquinones show more efficient cross-linking 
than those reduced in sttu. In addition, the maximum per 
eent cross-linking with the 27;5-dichloromethylhydroquinone 
lower than with the quinone reduced in situ, while the 
Peversewls eric On thes 275 -di acetates toe Ole tor sou, 
as expected, shows no cross-linking or alkylation. 

The efficient cross-linking induced by the dichloro- 
methylquinones may be due to the fact that the chlorines 
in these compounds are allylic and thus are relatively 
easily displaced. On reduction, however, the halogens, 
which are now benzylic, become even more labile to dis- 
placement owing to conjugative interaction with the hydro- 
quinone oxygen. They may very well be so activated in this 
form that they are rapidly hydrolyzed in solution before 
they can interact chemically with the DNA. This would re- 


sult in lowered cross-linking efficiency. The results 
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TABLE 25 


Cross-Linking of A-DNA by Bifunctional Benzoquinones 


Compound Maximum % Cross-Linking Time to Reach 
A ee ee 
(Conc = 1.0 yg/i1) Reduced Not Reduced Maximum (Min) 
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b 
CH, iow 64 7 180 
CH GhaGi 
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CH CH, C1 
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37 13 60 
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CICH, 3 
OH 
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CH H-OCCH 
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TABLE 23 (continued) 


Compound Maximum % Cross-Linking Time to Reach 
SS 
(Conc = 1.0 hig/i1) Reduced Not Reduced Maximum (Min) 
0 
i 
CH H.OCCH 
3 ee ee 0 60 
CHSCOCcH H 
ae ae 3 
0 
OH 0 
{| 
CH 
3 Beers Ie: - 30 
CH,COCH CH 
Si aree OH 3 
0 
OH 
CH CH. BG 
3 2 37 - a) 
Br. CH 
OH 
Supplied =py Di. AveCee Sat toreld I< Conc —sO.demayils 


Reduced in sttu with 1 yug/p) NaBH, . 
Shows activity against Sarcoma 180 in mice. 


Shows activity against Adenocarcinoma 755 in mice. 


isnot 7 ert us 
iv aan snap chil Lava sent 


_—— a = Leet a oe : ae 
Te TE Na eo giite er ahs ar = 


| ss . — could +4 vi 


Age 


fi i pee 


es 


% Cross-linking 


Pigure 26. 


30 
Time (min) 


Covalent cross-linking of substituted quinones and 
hydroquinones with A’ DNA. Reactions contained i DNA 


ater ON phosphate buffer pH 7.0 at 0.05 M. Add- 


Zoe 
itioneal components were: “Vo .S7 ate 1.0 pe/ils p 8/7 at 
1.0 wg/yl and sodium borohydride at 1.0 ug/yl; + 84 

atal.0 Wels no. 83 at 1 Oley Ninh se Orebe Osa, 1: 

and sodium borohydride at 1.0 ug/l; x 86 at 1.0 
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obtained with the 2,5-dichlorohydroquinones are consistent 
with this explanation since in this case the hydrolysis 
could be immediate since no prior reduction is necessary. 
Thes very rapid initial cross-linking observed for this 
compound (Figure 26) also appears to support this explan- 
aevon. 

The results obtained with the diacetate quinones 
may be complicated by reaction at the acetate groups during 
the reduction process. Preparative scale reduction of the 
27> 01acetace quinone 8/7 with sodium borohydride indicated 
some attack at the acetate function, however, no products 
could be identified. Therefore, the relatively low cross- 
linking values obtained for the two diacetate quinones re- 
aucea 77 eitw (ti e. 123 and 18% as compared to 81% for the 
hydroquinone) ,;may be due to loss of the acetate groups 
during the reduction process. Studies on alkylating agents 
OfPtiiuertype ware contanuing: 

The 2,5-disubstituted benzo- and hydrogquinones are 
being tested for antitumor activity with the view of cor- 


relating cross-linking ability and antitumor activity. 
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Summary and Conclusions 


A series of benzoquinone derivatives having struc- 
tural features related to mitomycin C were preparea and 
their interaction with DNA was examined. The results of 
cross-linking interactions with } DNA support the conclu- 
StOns Obtained with mitomycin Cc, that the aziaridine group 
interacts with DNA much more efficiently than does the 
carbamate group and thus that the initial step in the 
Cross inking Of DNA byematonycin ‘Clasealkylativonwat selec 
ya GenoWeaets Mey Suskenuy ale Weis) emeneraiel! qelsksile the carbamate group 
was unable to alkylate DNA at all, except when highly 
activated as in mitomycin C. 

It was demonstrated that aziridinoquinones are able 
to efficiently cross-link DNA as has been suggested for 


ee The results of cross-linking 


their mode of’ action. 
experiments with DNAS of different (GtC) content suggests 
Ee@eeathy arlOone by saz tidinoguinones May OCCUR premeueh 
trally atethe guanine bases., Invaddition, there was tari 
Good correlation of cross-linking ability with ancrlumor 
activity Ths che fapld sand ciileremisethiidium fluores — 
Cence acsays for alkylation end Cross—Jinking of DNA may 


prove to be convenient pre-screening procedures for com- 


pounds having potential antitumor activity. 
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Experimental 


First derivative e.p.r. spectra were measured on a 
Varian V-2503 spectrometer fitted with a V-4532 dual cavity 
operating at a nominal frequency of 9.5 GHz. The micro- 
wave power incident on the cavity was attenuated to 10 db 
below maximum. Hyperfine couplings were measured by com- 
parison with a peroxylamine disulfonate solution in the 
audlo "Cavity.  §The triplet spacing of the standard was 


taken to ube 13.20 .0e, 


6r(p=Bromopheny1)=3,6-diazabicyclo|[3el.0jhexane 56a 

This compound was prepared in 48% yield by an adap- 
tion of a procedure due to onda” uSing a Pyrex filtered 
200 W Hanovia high pressure mercury lamp for 6 hours, 


Figs ING CNS ysis Sula oe 


A-PiienVl=2515) 4,1 tee kaaZabl CYCLO lS su LOCE=2 “ene jo) 


A mixture of 6.14 g (60 mmole) of phenylazide and 
SOONG mic UsmMole) mOLes-pycLOlinems (> ompULC) mWosmec ends tic 
in the dark at ambient temperature for 3 weeks. The re- 
sulting precipitate was collected, washed with light pet- 
Toleim sand recrystallized frompethyl acetate: = petroleum 
ether to give 55b, 6.75 g (57% yield) as a tan SOMLG Gis fe 
Te a2 

Anal. Calcd. for Cio aNy [MOle Wi eee Oe LU Oe) 
Gyeboe Ole Hy) 6.455) Nae) Oe hound [(mass spectrum) 
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The infrared spectrum Le x (CHC1,) : 3323 7 (NH); 


a 
1590 cm! (N=N). 


4 
The “H nmr spectrum 6 (CDC1,) : 143) (Sy Liane a 


TMS 


22 60 [ore Oat CH. ) a 43 2dd me aH en poe OR ze 


LeAreLS 


51 J ="6.H2)* 6-60-7200 


Jug: = 4 Hz); 5.15 (dd, 1H, H ae 


il, aon aryl protons) . 


Orenenyl=3,6-dlazabicyclo [3.170] hexane 56b 


A solution of 2.60 gq (14 mmole) of 4—phenyl—2,3,4,7- 


tetradazabicy cle | a3. 0loct—2—-ene 55b-in 280 ml of tecra— 
hydrofuran under nitrogen was irradiated with a Hanovia 
high pressure mercury lamp (200 W, fitted with a Pyrex 
filter) with stirring and cooling for 6 hours. =the sol 
vent was removed and the residue extracted with hot ether 
(6 x 100 ml). The ether extracts were concentrated giving 
Dobmas a red brown 011717959, (672 yield). 

Arial CalCcdaL Ol Cy Hy No fmOden Wma O.O/s1.0 OlL jee 
Found [(mass spectrum) 160.1007]. 


The ty nmr spectrum 6 (CDC1 4): Ol 207m DEOad, 


TMS 
ii NE) 2.60) (Se 2H, Meth ine) 92.75 (AB Quartet, 4H, 
methyienes, J = 12.5 Hz); 6.65-7.34 (mUubeaplet aol, wary. 
protons). 


The absorption spectrum hmax (CH3CN) : 239 nme {Log 


eat) 2.77 Min, (log me 3.90). 
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2,5-Bis[3'-(6'-p-bromophenyl) -3’ ,6’-diazabicyclo[3.1.0]- 
hexane] ~3~- (B-carbamoyloxyethyl) -6-methyl-1,4-benzoquinone 


57a 


A solution of 0-400 g (2.0 mmole) of freshly crushed 
cupric acetate monohydrate and 1.800 g (7.5 mmole) of Ga 
in 40 ml of methanol was purged with oxygen. While bub- 
bling oxygen through the stirred solution, .« solution of 
0.313 g (1.5 mmole) of 2-(8-carbamoyloxyethyl1) -5-methyl- 
1,4-benzoquinone Baeee in 75 ml of methanol was added. The 
reaction mixture was stirred at room temperature for 2 days, 
then was, concentrated to approximately 5 m1 and subjected 
to chromatography on a neutral alumina (Woelm) column 
eluting with methanol. The dark red band was collected 
and concentrated and the residue was crystallized from 
ethyl acetates -lightspetroleum tovabtord Savas vagpur pie 
Solved mp. Lull eswhich eslowly surnea brown (on exposure 
POLliLGhtwand vadice 

Arion, Caled .ur Or C3 HogBroNn9, (mol sowte.ee os hs 
MemhOie Sai) 23.80.. Found | (ebul broscopic) e683i1: SN; 
ORG 8 Bien 36 Ui. 

The infrared spectrum Vinax (CHCL3) : 3544, 3434 (NH,) ; 
1720 (carbamate C=0); 1585 cm71l (quinone C=O). 


The absorption spectrum i, (CH,CN): 248 nm (log 


ax 


Boole 82 nme. tlog 6 2 .00)7 396enm log 2.3209); S02 0mm 


(Gloceret2:.57). 
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The e.pany ‘spectrum (generated by treating a 1.2ex 
-2 ’ 
10 M methanolic solution of 57a with sodium methoxide 
in air), developed a signal of maximum intensity in 30 


minutes which persisted for 2.5 hours consisting of 10 


INMesehsteo 8 d= .o OG GF ispectrum width. loro oer 


2,2-Bis|[3’-(6’-phenyl1)-3' ,6’-diazabicyclo[3.1.0]hexane]- 


3- (B-carbamoyloxyethyl) -6-methyl-1,4-benzoquinone 57b 


A similar reaction between 0.40 g (2.0 mmole) of 
cupric acetate and 1.60 g (10.0 mmole) of 56b with 0.418 g 
(22.0) mmole)” of elias in methanol alterded 5/b asta red— 
brown solid from ethyl acetate: light Sereet ane OA ae, 
(85% yield) m.p. 80-83° which slowly turned brown on ex- 
posure EO air and Owing to 1ES instability was character— 
uZed (SPECELOScCopically, 
3): 3546) 3426 (NH5) ; 
1725 (carbamate C=0); 1595 cm-l (quinone C=O). 


The infrared spectrum ve x (CHC1 


a 

The absorption spectrum hmax (CH3CN) : 241 nm (log 
Ee Gen De 2m tlodecsy S402); 394) mm 7s Log omer 2) Uo aim 
(loge 2572). 

The e.psr. Spectrum (generated, Erom 5/b yas Ges— 
cribed above) developed a signal due to the semiquinone 
of maximum intensity in 30 minutes which persisted for 
DeGMihourceand consisted of 10 lines h.Fus, 1 .5-1.8 06 of 


totalespectrum width 12-5 Oe. 


& Biel <a seis 


ih. + ‘ . : ; a 
OE bei sganowhes, We beets sy sath was, ‘AMOR ESUSS a 


——— - _ 


J ie _" 


5 ae el a ‘i, 
7 (pi i is : ot — ah oe uals ‘ant 


as 
ay ai jel Sal bd 


Wee a 


at | - 
rao | 


ge eaireeaa 
a e 


a a od 

7 , - 

; - 
re rine 


2,5-Bis[3'-(6'’-p-methoxyphenyl) -3’ ,6’-diazabicyclo[3.1.0]- 
hexane] ~3- (8-carbamoyloxyethyl1) -6-methyl-1,4-benzoquinone 


7c 


Avsimilar reaction or 0.400 q (2.0 mmole) Of cupric 
acetate and 1.900 g (10 mmole) of 6-p-methoxyphenyl-3,6- 
diazabicyclo[3.1.0]hexane 56c (prepared as described in 
Chapter 11) ain 507ml of methanol with 0.418 ¢g (2.0 mmole) 
of Cee errorded Sic 0. LI Gg Wiis y telid) S@as-as puLD Le 
solid from ethyl acetate m.p. 98-103° which slowly turned 
brown on exposure to light and air. 

Anal. Calcd. for C,,H,.N.O,: C, 65.63; H, 6.02; 
Nias O emer OUI Css CeO or lume Or, Gilet Nig boa Ou, 

The infrared spectrum Vax (CHC13) : 5520, 3416 (NH5) ; 


2826 (OCH) ; 1723" (carbamate C=O) 1568 cmt 


(quinone C=O). 
The absorption spectrum max (CH3ON) : 242 nm (log 
eed eo rae oS Oats \OGieres Sino 1) Ga SU Tawa ele Och noees ea) )ecne Omen 
Glog seit? 9:4) 
Thewe.p.r. spectrum) (generated trom o/Ceas described 
above) developed a signal of the semiquinone within 30 


minutes which persisted for over 2 hours and consisted of 


an unresolved singlet of spectrum width 5.8 Oe. 


2,5-Bis[3’-(6'-p-bromopheny1l) -3' ,6'-diazabicyclo[3.1.0]- 
hexane] -3,6-dimethyl-1,4-benzoquinone 57d 


A similar reaction between 0.300 g (1.5 mmole) of 


freshly crushed cupric acetate monohydrate and Pes 00rg 
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Cao mmole). Ot 56a with 0.204 g (1.5 mmole) of 2,5-dimethyl- 
1,4-benzoquinone in methanol afforded Did Coolie (562 
yield) as a brownish purple solid m.p. 107-110° which 
Slowly changed to a brown solid on exposure to light and 
ar, 

Pena le Calcd. for Co gH. 4Br5N,0,: Neo Cen ee 
ROuUnCd SN oo. UGOruet nn 27409. 

The infrared spectrum Vax (CHCL,) : 1588 cm™* (ate 
none C=O). 

The absorption spectrum max (CH3CN) : 25 05pm (Log 
Ea4ewd 0); 255enm (10g 63.88 )'7 328 nm (loge 363). sos a0m 
GhOCm cross o)) ero Ol emmn(clLOc meurcr.) Oe. 

The e.p.2. spectrum (generated, from) 5/dvas described 
above) developed a signal of maximum intensity within 30 
minutes which persisted for 2.5 hours and consisted of 11 


ines nes leds OCLOb tCOtal spect oUmMy WiC tiumLan sOer 


General Procedure for Determination of Covalent Cross-— 
Linking and Alkylation of DNA with Bicycloaziridinobenzo- 


quinones 57 


The cross-linking agents were added as 5 yg/pl solu- 


tions in 40% pyridine: 60% water. > DNA was added as an 
Aavieous solution. Reactions were, bufteredstogel 47 5 witn 
1M acetate buffer. Cross-linking reactions were carried 


out on a 60 pl scale. The reaction solutions were incu- 


bated at 37° and had concentrations of approximately 
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1.06 A560 Of x DNA, 0.05 M of buffer, 2.5 qa/il of quinone 
and 20% pyridine. 10 ul aliquots were removed at timed 
intervals and analyzed for the extent of ecross~linking and 
alkylation by the ethidium fluorescence assay described 
previously. A control reaction mixture prepared exactly 
as above but containing no cross-linking agent was run 
with each experiment. In no case was there evidence for 


acid induced covalent cross-linking. 


General Procedure tor Determination of Cross-Linking and 


Alkylation of DNA with Aziridinoquinones 


The cross-linking agents were added as 0.5 ug/l 
solutions in approximately 30% tetrahydrofuran: 70% water. 
A DNA was added as an aqueous solution. Reactions were 
buetered swith el Mwmacetate butierssat pH 4.5500 5.0 "or wath 
1 M phosphate/buffers at pH 6.0 or 7.2. Reactions were 
Catriedsout on an approximately L001 scales The reac 
tion solutions were incubated at 37° and had concentrations 


Of approximately Li2iA OLBNCDNA 20 US Ngo butter 0s i= 


260 
Orne ig AibloL culnone and 9152 stetranyaqrofuran.. lO ali 
quots were removed at timed intervals and analyzed for ex- 
tent Of scross-linking and alkylation by the erhidium) flucr— 
escence assay described previously. A control mixture pre- 
pared exactly as above but containing no eross=linking 


agent was run with each experiment and showed no evidence 


for acid induced covalent cross-linking. 
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1-Chloromethy1-2,5-dimethoxy-3,6-dimethylbenzene 61 and 


1,4-Dichloromethyl-2,5-dimethoxy-3,6-dimethylbenzene 62 


These compounds were prepared by the procedure out- 
lined by Smith and Nichols’? with the following modifica- 
tions. 40% formalin could be used instead of paraformal- 
dehyde. Reaction time and quantities of paraformaldehyde 
used could be decreased to increase the yield of ol. t= 
ter the reaction was complete, the reaction mixture was 
extracted three times with methylene chloride. The com- 
bined organic extracts were washed with water until the 
water was neutral, dried over sodium sulfate and evapora- 
ted. The resulting white solid was recrystallized from 
95% ethanol using 40 ml per gram of solid giving white 


needle[shaped crystals Of 62) in 32s yield mip. Loz 162.5" 


Cite enieD .) loo Labi ee 


The infrared spectrum v (CHI ice aoe cna (OGHEY 
max 3 ; 


The ly nmr spectrum Som (CDC1,): 2 ONS eon, 


S 


Ar-CH,); 3. COS anol, OCH 3); 4°69 (s7s4u, CH.) . 


Water was added to the mother liquor giving fluffy 


White crystals of 61 in 22% yield m.p. 65-66". 
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1,4-Dimethoxy-2 ,5-dimethyl-3- (hydroxymethyl) benzene GS 


A solution of 1.50 g (7.0 mmole) of the chloride 
61 in 50 ml of 1,4-dioxane and 35 ml of 53 aqueous potas- 
Sium hydroxide was refluxed for 24 hours. Water was added 
and the dioxane was removed under reduced pressure. The 
residue was extracted three times with chloroform and the 
organic solution was evaporated. The resulting solid was 
recrystallized from benzene: petroleum ether to give 
U373 9 (68% yield) ot the alcohol 63 msp. 60-61%. 

Anais, ‘calcar, for C371 693 [mol. wt. 196 ows: 
Cy 6/232; 0H, 8.22. -Found { (mass Spectrum) 196-1094): 
ee etO Or OD ply MO ee 6 « 

The infrared spectrum Vinax (CHCL) : 359 oe (One: 
2824 cm > (OCH). 


The Ps nmr spectrum 6 (CDC1,): ENED MEWS oe PAPAS) 


TMS 


(2o-) Ob. Ar—-CH Ss)" 2.51. (broad, 1H, DO exchangeable, (On): 


3 2 
Bei leratice-3S. i> (25, 20), OCHS); 4.70 (broad d, 2H, collapses 
tousinolet on D50 exchange, CH.) 7 C00 Sas y ety. PLoS 


EOW)i. 
2,5-Dimethoxy-3,6-dimethylphenmethyl Phenyl Carbonate 64 


Phenyl chloroformate (1.2 ml) was added dropwise 
to an ice cooled, stirred solution of the alcohol 63 
(Or oco Gg, 2.5 mmole) in 18 mi of pyridine. The solution 
was stirred in the cold for 1 hour and then at room temp- 


erature for 24 hours. Water was added slowly (35 ml) and 
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the reaction mixture was extracted 3 times with 35 ml of 
chloroform. The chloroform extracts were washed twice 
with 50 ml of cold dilute hydrochloric acid, dried over 
sodium sulfate and evaporated. The resulting yellow oil 
was crystallized from ether: petroleum ether giving 
Ui 23-9 (66% yield) of a white Solid 64 m-p. 7/.5-/8.5°. 
This preparation essentially follows a literature proced- 
arene 

Anal. Calica.) Lor Cy pHs 995 [miei Ween es kOe slice ee 
Oonoos HH, 6.2.37.) Found [(({mass spectrin) 3162132013. 3c, 
Go..307 Hh, 6.44— 

The infrared spectrum Vinax (CHCL,): 2824 (OCH) ; 


Ml 


dog Ga es got O11 (eC) 


The on nmr spectrum 6 (CDC1 3): 2.20" and 2.29 


TMS 
(ee. 6H; Ar-CH.S) ; 8.173. and 3.782 (2S ,.6H, OCH,S) ; See: 
(se 2H, CH.) ; Ge Ae sey Ly. Sry prorony? 1200-94 oc sim, ou, 


phenyl protons). 
1-Carbamoy lmethy1=-2 ,5-dimethoxy-3 ,6-dimethylbenzene 65 


Anhydrous ammonia was bubbled through a solution of 
0.562 qo (1.8 mmole) of the phenyl! carbonate 64 in 25 ml of 
95% ethanol for 15 minutes. The reaction mixture was 
Stirred for 18 hours in a closed pressure bottle. The 
solution was concentrated to approximately 1/3 its volume 
and 20 ml of 5% aqueous sodium hydroxide was added. The 


resulting precipitate was filtered and washed with water 
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Giving Deva ig 187% yield) of the, carbanate baem,o*. 1183 5- 
ibs ieee 

Analy Caled, : 

ce for C19, NO, [Mod “Whe ne oO sl ae lee 

Cp OU sca; oH, 7. 16s NN, 5.85— Bound [(mass spectrum) 
go eG ee Con 06 tee 2G rane ese 7 oe 

The infrared spectrum Vinax (CHCL,) : 3534 and 342) 
(NH,); 2834 (OCH,); 1717 cm? (c=0). 


ul 
The ~H nmr spectrum 6 (CDC1.,) : Dice TGs pear, 


EMS 
(2s7 93H each, Ar-CH,s) ; S09 sand o/ Ce (2 Se olreach OCHS) ; 
Seow oroag,, 2h, NH.) ; el Oust (cree fae CH,); 6.68 CSL le 


ave DROTON).. 
2-Carbamoylmethy1-3,6-dimethyl-1,4-benzoguinone 47 


This compound was prepared by a modification of a 
literature procedure.-°° To, 0.956 g (4.0 mmole) of the 
dimethyl ether 65 in 15 ml of 1,4-dioxane was added 2.020 g 
(Veeoummale) of AGO and. 4) ml Of 6G N mitric aciay) Tie mixe 
ture was Stirred for 2.5 hours. 60 ml of water was added 
and the solution was extracted three times with 75 ml of 
ether. The combined ether layers were washed with water, 
dried over sodium sulfate, and evaporated. The residue 
wasmerystal lized from ether: Skelly B Giving O.680 Gq (81s 
yield) of the quinone as yellow crystals m.p. beg 2 9 Se I ae 

Aivale,  oa Oe o tGus C1 Hy NO fmol. Wi eeon.UCeais. 


Crees Hb 0 Ny, Onl 0. Found [(mass spectrum) 


Cee line Ce 57.00% Hy, Be0e7 Wp bee 
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The infrared spectrum v (CHCIS) = 65505 anceca2. 
max 3 
(NH,) ; 1730 (carbamate C=0); 1650 ne (quinone C=O). 


ii 
The “H nmr spectrum 6 (CDCl) : 20 aia oH, 


TMS 


us ecie Baie Other) opine 5 CS ee ee 


Bae 234 )(Droad . 2H. . NH 


C-6,) -CH ; 
(C-6) ass 


See ee Gores ed Og al) aay wlohe gel fe 3 
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Lie ary) proton). 
2-Carbamoylmethy1—-3,6-dimethyl-1,4-hydroguinone 66 


A solution of the ee 272 ( O20 Sige: 10s Emo) 
in 40 ml of ether was shaken with 3 portions of 40 ml of 
freshly prepared saturated aqueous peda clenien aoe 
The ether solution was washed with water, dried over so- 
Giumisuliate, taind) ievaporated. 7 “On. recrystalinzingmuhe re— 
ting! solid fromibenzene:, (ipetroleum wether Lhe hydro- 
quinone 66 was obtained as white crystals (0.055 g, 52% 
yvueld)oem.p. V30-132° which slowly turned brown due to de- 
composition. 
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COs as 
Bounds (mass spectrum), 210.0887]. 


The infrared spectrum Vee (mujol):s. ~3210 (broad, 
OH and NH,); 1715 om? (C=O). 
As _ . 
The “= nmr Spectrum Sms (acetone de): on and 
Seo Umt 26 4 oh Sac, AY-CH,S); SO Se aie, CH,) ; 6.68 (Ss, 


Peay proton) = 
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1-Cyanomethyl-2,5-dimethoxy-3,6-dimethylbenzene 67 


ArsGlutwonto£ therchloride Glot3o2) o¢ bs mnole) 
in 100 ml of ethanol was added dropwise and with stirring 
toealwarm (steam bath) solution of *potassium—cyanide 
(eo25seq), 25 <mmole)vcin 7 ml sof water. “The mixture was 
refluxed fory8 hours, concentrated to one-half its volume 
and added to 800 ml of water. The resulting precipitate 
was filtered and recrystallized from ether: petroleum 
etner LOMgiver 2639 Gg (86e4yield) ofvthe nitrite gium.p.. 
Seon. o60 This toroceduretis aemOditication Of anlrter— 
ature preparation. // 

AnalwGaled. ror C1 2H)5N0, fmol2 wwe. 1205 ior0gdes 
CEL Oe ZZ ny 153759 Ni, 06...82.- VeGund, (mass tspececum) 
20> UOT SCO. a een 445 ON ye Oas 

The infrared spectrum Vmax (CHCL3 
2240 cm? (cn). 


jes’ 92824 (OCH); 


The a nmr spectrum 64 (GBGR a Sale. atid pines 


TMS 3 
(25), .0Hs Ar-CH) ; 2 Pan . Si Our Ce ewoly OCH); 32 142 (St 


ZH, CHS); 6.64, (sevahiy ary ieproton jis 
1-Carboxymethyl-2,5-dimethoxy-3,6-dimethylbenzene 68 


Pesolution of the mitrile 67 (2.7050 97 20) mmole) 
in 50 ml of glacial acetic acid, 25 ml of concentrated 
sulfuric acid, and 25 ml of water was refluxed for 3 hours. 
400 ml of water was added and the reaction mixture was 


extracted twice with 200 ml of ether. The ether extracts 
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were washed with water and extracted twice with 300 ml of 
10% aqueous sodium carbonate. The aqueous layer was-acid— 
ified with hydrochloric acid and cooled. The resulting 
precipitate was filtered, decolorized and recrystallized 
from benzene: petroleum ether to give 0.575 g (26% yield) 
Of the Carboxylic acid CORI. Pre ts6— 037. i tei. b. eyes 


Pave CAOLCUlm LOL nolL. (wee. 226.1049) 2 


eed 
Found [(mass spectrum) 224.1056]. 

The infrared spectrum ee (nujol):, 3400-23200 
(broad, COOH); 1690 cm > tac2ceC=0), 


The a nmr spectrum Som (acetone-d_): 2006 and 


S 
Pees cs. On each, Ar-CHS) ; 3.62 and 3../4 (26) 9H each, 
OCH3S) ; BESO (stm He CH.) ; Gb 21S, ine aryl proce). 

The ether layer was dried over sodium sulfate and 
evaporated. The resulting solid was decolorized and re- 
crystallized from aqueous methanol giving 0.366 g (19% 
yYreld) Bor the lactone 69 map. 94-95" - 


lee a Gar eC. sama Ode ©1381 293 mG Les) Witte eo eens lee emcee 


60, 74-5h, 6.29. Found: | (mass spectrum) 192707383). °C, 
OO ablG 1s. O0r. 


The infrared spectrum Vinax (CHC1 3) : 2824 (OCH) ; 
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The yield of the acid 68 was increased to 44% by 
reducing the reaction time to 2 hours. This procedure is 


a modification of a preparation due to Smith and Nichols. /? 


1- (B-Hydroxyethyl1) -2,5-dimethoxy-3,6-dimethylbenzene hu) 


A 1 M solution of diborane in tetrahydrofuran 
(50 ml) was added to a stirred mixture of the carboxylic 
acid, 66° (0-448 g, 2 mmole) in 25 ml of dry tetrahydroturan 
Under Nitrogen... [he seaction was Sstiired for 3s nours. 
Just enough water was added to destroy the excess diborane 
and to decompose borate esters. The tetrahydrofuran was 
removed and ether and water were added till all the solid 
dissolved. The ether layer was separated, washed with 
water, dried over sodium sulfate and evaporated. The re- 
sulting oil was purified by chromatography on a neutral 
alumina (Woelm) column eluting with chloroform. Evapora- 
GioneoL the solvent gave the alcohol 70 as-an oil (OL 26279), 
62% yield). 

ial eCavedw fOr Cen eo imole ewe. -2L0e wea Go 1%. 
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Found [(mass spectrum) 210.1263]. 


: ; -1 
The infrared spectrum Vnax (CHC1 3): 3600 cm (OH). 
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2,5-Dimethoxy-3,6-dimethylphenethyl Phenyl Carbonate 71 


This compound was prepared by the PreoCeture aes 
cribed above for the preparation of of Tusing e202 "G11, 20 
mmole) of alcohol 70, 0.6 ml Of pheny! chiocroformate, and 
PO wl ot spyridine. An) oili wastobteined which wasea anix— 
ture Of tne desired phenyl carbonate ester 7ivand phenol. 


ACEempts tO purity the product were unsuccessful so the 


Oil was used without further purification for the following 


LPeaction. 
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The: Honmn spectrum Sous 


6H, Ar-CH38) ; 2.082 Ve 2iey Ar=-CH Jes? fC a) eo oe ae 
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Biel) 2S Onl > OCHS) ; ee ema Ceres CH. 
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ie ( s-Carbamoyliethy l)i-2,5-dimethoxy-3 ,o-dimethyl benzene 72 


Thies “COMpOuUNG, Was prepared Dy Che "proceaurce ces 
Cribed above for the preparation ofthe carbamate 65 using 
fresmixeure Of phenyl carbonate 71 and phenoi in 20 ml er 
ethanol. The carbamate 72 was obtained as a white solid 
Weighancd O1le5 g (522 yield trom the alconol 7/0) mp, 
Pe 
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and 3./6 (25, 3H each, OCHS) ; ALS i ane CH,-O) ; 4.56- 


5, Usa broad, 2h, NH,); bo: (So. OLE 7 eave) Sore Gorns 
2- (B-Carbamoylethyl) -3,6-dimethyl-1,4-benzoquinone 48 


To the dimethyl ether EUSA (ea Mire Sinliite thon age l 
5 ml of glacial acetic acid was added 0.5 ml of concentra-— 
ted -NLtELe -acra.g “Me reaction was stirred for 2.5 hours. 
30 ml of water was added and the solution was concentrated 
tO remove acetic acid. The concentrate was extracted four 
times with 50 ml of ether. The combined ether extracts 
were washed twice with 50 ml of saturated aqueous sodium 
bicarbonate then twice with water. The organic layer was 
dried over sodium sulfate and evaporated. The residue was 
Erystallized from ether: petroleum ether giving O08 g 
(16% yield) of the quinone 48 as a yellow solid m.p., 148,5- 
ESR 

Arial CALC aro r C1 H13N0, [mokL. we.) 223-0644] . 
Found [(mass spectrum) 223.0841]. 

The infrared spectrum Vnax (CHET 3) : 3550 and 3436 
(NH) ; 1722 (carbamate C=O); 1644 cee (quinone C=O). 
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1, 4-Di (cyanomethy1) -2,5-dimethoxy-3,6-dimethylbenzene 73 


This compound was prepared in 803 yield by the 


PEOCequUre Of Smith and Nichois,/? Mee e2Ue— 20 La eet. 


20 oUGe) a 
The inf d : ; 
rared spectrum Vinax (CHC1 5) : 2828 (OCH,); 
2242 cm? (cN). 
iy 
The -H spectrum Smyg (CDC1 4) : 23:7 Ke. 6H; AXCH 3) ; 


Soe KS An CH.) j S200 AS 26H, OCH.) . 
1,4-Dicarboxymethy1l-2,5-dimethoxy-3 ,6-dimethylbenzene 74 


This compound was prepared in 93% yield by the 
Procedure of Smith and Nichols, ’/ MeO. 2209) Malet aioe 
APB 

The infrared spectrum ae (KBr disc) :. 32200=2200 
(broad, COOH); 1695 cm (=O) 


The a nmr specurum 6 (dimethyl sulfoxide-d 


TMS an 
Dee Se Oly AYCH,) ; SiG. aoa rOles OCH); a0 (Ss. Any CH,). 
1 ,4-Di (carbomethoxymethy1) -2 ,5-dimethoxy-3',6-dimethylben- 


zene tees 


To, thesdiacid. 74-(0.105 g, 2.5 mmole) ine25 ml of 
methanol was added 5 ml of concentrated hydrochloric acid 
and thewreaction mixture was refluxed for 3 hours. The 
methanol was removed under reduced pressure, the solution 
Was cooled, and the precipitate» was filtered giving 0.534 g 


(69% yield) of the diester 75 m.p. LOS =109 oe 
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1,4-Di (8-hydroxyethy1) -2 ,5-dimethoxy-3,6-dimethylbenzene hs 


This compound was prepared by the procedure des- 
cribed above for the preparation of the monoalcohol Ao 
using 2.6059 “(2.2 mmole) vor the diacid 74 in 100emi vor 
apy Letrahydroturen sand 200 ml of 1M diborane an terra— 
hydrofuran. Evaporation of the ether solution resulted 
in an oi1l which was crystallized trom ether: Skelly £ 
Giving 12 04 quldoeay leid)mot thesdialeohols/ Sei. pe 46- 
Lavi 

Anal Caled «for C1 gH 294 [mo el wee 25440515) 2a, 
Gomlvretiis 6.7/2. “Found. |(mass spectrum) )29452 52354 C, 
boro; Hip 8.6 0.. 


The infrared spectrum Vere (nujol) <> 3326 “and 
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75 in 50 ml of ether was added to a stirred mixture of 
0.395 g (10.4 mmole) of lithium aluminum hydride in 150 ml 
ofvether. jThe reaction mixture was stirred forsées houns. 
10% aqueous sodium and potassium tartrate was added drop- 
wise to decompose unreacted hydride. The mixture was 
filtered and the solid was washed several times with ether. 
The ether solution and washings were combined, washed with 
water, dried over sodium sulfate, and evaporated. The 
residue was crystallized from ether: Skelly B giving 
Dri26 ¢ (38> yield) Of the diailconol (6 mp. 146-147. 

Mie overall yield Of alcohol from the acid 7/4 by vtliis 


FOULG was 263. 


2,5-Dimethoxy-3,6-dimethylphendiethyl Diphenyl Dicarbonate 


um 


Mas Compound was prepared by the procedure out 
lined for the preparation of compound 64 using 0.178 g 
(007 mmole)i tof the dialcolicl 76, Oso.ml of phenyl chioro- 
formate in 6 %mlosof pyridine. Recrystablizationeirom 
ether: petroleum ether gave 0.280 g (81% yield) of the 
CaGbonateti.p.6we2 15-6355". 
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1,4-Bis (8-carbamoylethy1) -2,5-dimethoxy-3,6-dimethylben- 


zene 78 


This compound was prepared by the procedure out- 
lined above for the preparation of the carbamate 63, using 
Pe2is ¢ (2.5 mmole) of the pheny! carbonate Jo Se Orin 
of ethanol. The carbamate 78 was obtained as a white 
solid (0.702 g, 83% yield) which was recrystallized from 
aqueous ethanol mip. 2L0=210. 5°. 

Piiaie, Calcd. fOr Cy 6H 4No% [mole wie 3408 bo 341: 
Cy, ono, Hy 7.1 N,. 8.25. Found | (mass spectrum) 

SOM LOS hearer ys ley aN ee OO One 
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The rH nmr spectrum 6 (dimethyl Sulfoxide-d,): 
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S262° (5; 6H; OCH,); om0.6 (Cer 4H OCH.) 6.43) "(e544 NH). 


2,5-Bis (8-carbamoylethyl) -3,6-dimethyl-1,4-benzoquinone 50 


Tog Stirred maxture of 0.510 ¢g (2.5 mmole) of ine 
carbamate 78 in 15 ml of glacial acetic acid was added 
Posen of concentrated nitric acid. The “reaction mixture 


was Stirred for 5 hours. 100 ml of water was added and 
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the mixture was cooled. The resulting precipitate was 
filtered and recrystallized from aqueous ethanol to give 
DR2/4 3G. (59% yield) of the cuinene SUSI Con Aas os 

Arid SG Cai tor C1 4H gN 2% [molLy Ft. SLOeULashe 
Geos Loe CH emo rN; o.. OScierotna. | (masse spectrum) 
Oe oO ey Poe 5 Ne be oe Neo 6a 

The infrared spectrum eee (mul) 72 63430 = 33a. 
Sva5, ano, S194 (NHS) ; 1722. (carbamate C=O) - 1633 eae 
(quinone C=O). 


The ly nmr spectrum Sin (dimethyl sulfoxide-d 


MS 6): 


2.0) (SS). 6H, Ar-CH Me WE Se AC RON SEs Ar-CH,, aoe a 


3) 
vig aap Uonetereets Pet vic) |) et eC” Gene. CHO) ; 6.45 dbroads. 2h), 


NE) 
Qos bicn p-careamoy ethyl) =3, 6-dimetnyl—l a-hydroguimone 72 


A TSOLURon- Of 0.090 g (0.29 mmole) of the quinone 
50 in 50 ml of ether was shaken with 5 portions of. 50) ml 
of freshly prepared saturated aqueous sodium dithionite. 
The ether layer was washed twice with water, dried over 
sodium sulfate, and evaporated. The resulting oil was 
crystallized from ether: petroleum ether giving 0.011 g 
(12% yield) of the hydroquinone as pale yellow crystals 
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(NH, and OH); 1685 cm? (c=0). 
T 
They oH = : 
nmr spectrum Simms (acetone do): ince Ley 
OH, Ar-CH 4); Oreo a tee Ar-CH,, dS) J -0en es) 40h oi 


4H, CH,0) . 
1,4-Di (hydroxymethy1)-2,5-dimethoxy-3,6-dimethylbenzene 80 


This compound was prepared by the procedure des- 
Cribed for the preparation of the alcchol 63 using) 4.08 ¢ 
(15.5 mmole) of the dichloride 62 in go0 ml of a 4 -d roxanne 
and 80 ml of 5% aqueous potassium hydroxide. Recrystalliz- 
ation from benzene: petroleum ether gave 3.41 g (97% yield) 
On gene idialcohol 80em-p «88-1892: 

/oyyeden i Gyewl Relcle, osafe he C1281 9%, [nod ew. 22 bra OS jase yee 
65.705 7 3.02... Found, [imass spectrum) 226.121.0104, 
GS Gp 9 2). 
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The an nmr spectrum Onn (dimethyl sulfoxide-d-,): 
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CH.) Ae ABA 96- (proad.. 2H, O8).. 


2,5-Dimethoxy-3 ,6-dimethylphendimethyl Diphenyl Dicarbon- 
ate 81 

This compound was prepared by the procedure des- 
cribed previously for the preparation of the Carbonate 64, 
using 0.60 7 (2.6 mmole) of dialcohel 80, F.5 mi of phenyl 


chloroformate, and 12 ml of pyridine. Recrystallization 
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from ethyl acetate: petroleum ether gave. 1.02 g (84% 


[e) 


yield) of the dicarbonate ester 81 Nis peeiavel Gite 


AnadeetCealed.. for Cc IMOL. Wt. 466.1628 1s Ice 
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1,4-Bis (carbamoylmethyl1) -2 ,5-dimethoxy-3,6-dimethylben- 


zene Bet 


This compound was prepared by the procedure des- 
Sciibped above: for the preparation on Compound bos ueing 
Ue4abo o (10 jumole) “of the phenyl Carbonate sl in 2a mi 
Gf ethanol. The carbamate 82 was obtained as a white 
Soden Osc 5°" Grete Ylelo) Wl. De. vlc Ad oe. 

Pie Ga Lcd, OL C1 gHoQNo% [mods we Sl 2 la2i 
Cee So CGH, 62457 N98. 9/2 «Found Wass spec unum) 
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The infrared spectrum ee (nus ed) steko S302, 


1 (carbamate C=0). 


3240, and 3168 (NH); 1692 cm_ 
The aT nmr spectrum Sms (dimethyl sulfoxide-d_) : 
ee 3 eae Guy Pr CHS esa 0e ate eo, OCH); 5.02 (s, 4H, 


CH,); 6.47, (broads, 4H, NH.) . 
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General Procedure for Determination of Covalent Cross- 


Linking and Alkylation of DNA with Carbamate Quinones and 


Hydroquinones 


The alkylating agents were added as 2 ug/l solu- 
tions in 50% dimethyl sulfoxide: 50% water. Reactions 
were buffered with 1 M acetate pH 5.0 or 1 M phosphate 
pH 7.0 or 8.7. “Cross-linking reactions were carried out 
on a 100 pl scale. The reaction solutions were incubated 
advo? and Nad Concentrations of approximately 2204 A560 
OT A DNA, O05 Mor butter, 1.0 fi¢g/tl of Cross=1inking 
agent and 25% dimethyl sulfoxide. Quinones were run both 
unreduced and reduced tn sttu with sodium borohydride, 

1.0 ug/ul. 10 pl aliquots were removed at timed intervals 
and analyzed for the extent of cross-linking and alkyla- 
tion by the ethidium fluorescence assay. Control reaction 
mixtures prepared exactly as above but containing no 
alkylating agent were run with each experiment and showed 
no covalent cross-linking or alkylation. 


The experiment with PM2 CCC-DNA was performed as 


above at pH 7.0 and a DNA concentration of 1.24 AdEQ: 
2 ,5-Di (bromomethy1) -3,6-dimethyl-1,4-hydroquinone 83 


Resoltitron of the dimethyl ether G2 (taste gy ou 
mmole) in 30 ml of methylene chloride was added to a solu- 
tion of boron tribromide (3.765 g, 1.43 ml, 15.0 mmole) 


in 15 ml of methylene chloride. The solution was stirred 
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Overnight under a drying tube. 75 ml of water was added 
and the mixture was extracted twice with 100 ml of ether. 
The organic layers were dried over sodium sulfate and evap- 
orated. The resulting solid was decolorized and Tecry sta. — 
lized from benzene to give 1.096 g (68% yield) of the di- 


bromohydroquinone 83 m.p. 174-175° (dec.). This prepara- 


tion 1S a modification of a literature procedure. /? 
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The infrared spectrum Vien estefene) ees Sulit cm? 
(broad, OH). 
i 
The “H nmr spectrum Sms (acetone-d_) : Doren kone 
6H; Ar~-CH,) i 4.69 (s, 4H, CH.) i AV. So CS Ei, VOR jee 


Aro DE (eh lenomethy |) —3,6-dimethyl-1 7 4-hydroguinone 34) 


A mixture Of the dibromehydroguinone 83 (0.972 gq, 
3.0 mmole) and 3-482 qo (6.0 mmole) cf sodium chloride an 
Fo mi ofr ether and 75 ml! of “Gomcentrated Mydrochloric acid 
Was stirred for 3 days. L00 ml of water was added and 
the solution was extracted twice with £00 mi of ether: 
The ether solution was dried over sodium sulfate and evap- 
orated giving a solid which was recrystallized from ether: 
Srelty.8 (0.555 ¢, J9s yield) mip 14-14) 2) | 

Anal. Calcd. for C1 )H,,0,° Cl, [mol. wt. 234.0215]: 
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The infrared spectrum Vek (MmiIpOlis: aacvG ore 


(broad, Oni. 


ul 
The “H nmr spectrum Som (acetone-d_) : ZnS Dats > 


S 
6H; Ar-CH,) j Leola kS, 4H, CH,). 


2,9-Di (acetoxymethyl) -3,6-dimethyl-1,4-hydroquinone eh) 


The dibromohydroquinone 83 (0.972 g, 3.0 mmole) and 
1.500 g (18.0 mmole) of sodium acetate in 30 ml of glacial 
aCeLVC acid were: Stirred for 3) hours. 150 ml of wacex 
was added and the resulting precipitate was filtered and 
fecrystallized from ether giving 0.676% (808 yield) of 
tne diacetate $5 m.p. 133° (dee.).. 
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2,5-Di (chloromethyl) -3,6-dimethyl-1,4-benzoquinone 86 


mM colucionm of 2. S008ge (oes mmole) on ferric Chuloride 
in 35 ml of water to which had been added 0.43 ml of con- 
centrated hydrochloric acid was added to the Gch lero= 


hydroquinone 84 (0.399 g, 1.7 mriole) in 25 mil of chicro- 
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form. The mixture was stirred vigorously for 2.5 days. 

The chloroform layer was separated and the aqueous layer 
was extracted twice with 35 ml of chloroform. The combined 
chloroform layers were washed twice with water, dried 

over sodium sulfate, and evaporated. The residue was 
crystallized from benzene: petroleum ether giving 0.288 g 
(ise yield) of the dichiorocuimone G6 mips LOSS110e, 
Tol gOn 3 Clg, Wala weaees2eousel- 
Cr obo; Hp, 2327 Cl, S0.4d2.. Found i/(mass  speccrum) 
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The procedure outlined above for the preparation 
of the dichlorobenzoquinone 86 was followed using 0.564 g 
(2,0 mmole) of the diacetoxyhydroguinone 85 in 50 mi of 
Chilorororm and 2.700) g (10 mmole) “of ferricy chloride, 
(50 mi of concentreted hydrechloric acid in S0°ml of water. 
Guystallizataon from ether: “Skelly B gave 0-399 9 (7ic 
yield) of the quinone 87 as yellow crysta Vcun: Drees a LG. 

Anicie. «Galod, Oi C18 6% [mais ewes 2 RO MUO ay jc, 
60,00. H, 5.75. Found [| (mass) spectrum) 200 209810) tee 
60.0170, 5.30. 

The infrared spectrum Vinax (CHE1 3) : 1735 (acetate 


C=0)9. 1650 eee (quinone C=O). 
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2,5-Di (ethoxymethyl) -3,6-dimethyl-1,4-hydroquinone 88 


To a solution of 0.108 g (0.3 mmole) of the dibromo— 
hydroquinone 83 in 10 ml of ethanol was added 0.1 mL of 
concentrated nitric acid. The mixture was heated on the 
Steam bath for 1 hour. Water was added and the solution 
was cooled. The resulting precipitate was filtered giving 
O082 Gg (55% yield) of the diether CO Me Di Oa eae 
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General Procedure for Determination of Covalent Cross-— 


Linking and Alkylation of DNA with Bioreductive Alkylating 


Agents 


The alkylating agents were added as solutions in 
50% dimethyl sulfoxide: 50% water. Reactions were buffered 
to pH 720 with 1M “phosphate. Cross-linking solutions of 
100 pl were incubated at 37° and had concentrations of 
approximately 1.0 Aj¢_ Gf -RIDNA, “0 (05-8 or butter A tao sig? 


ul of the 2,5-disubstituted quinones and hydroquinones, 
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and 25% dimethyl sulfoxide. Quinones were run both unre- 
duced and reduced tn sttu with sodium borohydride, 1a0 ug7 
ul. 10 wl aliquots were removed at timed intervals and 
analyzed for the extent of cross-linking and alkylation 
by the ethidium fluorescence assay. Control reactions 
run with each experiment showed no cross-linking or alkyla- 
Pron? 

Experiments with the 2,3-disubstituted quinones 
Were pertormed, by LW. Mclaughlin in ours Vaboratories as 
described above except that the quinone concentration was 


OnomilG/ wk. 
Synthesis of Aziridinoguinones 


The aziridinoquinones were prepared in our labora- 
cOrves by De. Mon. Akhtar, Lew. Mehaughiin, and 2. Ali by 


SAO 2, 10 


published procedures. The general method is illus- 


trated by the following example. 
(i) Preparation of Tetramethoxy-1,4-benzoquinone 


Aes lumens: 245 Om (0. UamGle) Mot ch voran 1a ne) Sem! 
Of methanol was added to a solution of 9.8 g (0-42 mole) 
Of Sodium in 250 ml cf methanol. During addition the tem— 
perature of the reaction mixture was kept at 15-25° by 
means of external cooling. The reaction mixture was then 
heated on a steam bath for 6 hours. The cooled reaction 
mixture deposited bright orange crystals which were col- 


lected, washed with cold water, and taken up in dichlore- 
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methane. The solution was decolorized with charcoal; \f21- 
tered and the solvent removed in vacuo to give bright 
Ofange crystals of the product 16/7 "gq (73.2% yield) a.0- 


Poo t4 ee mepe Leslee 


(ii) Reaction of Tetramethoxy-1,4-benzoquinone with Azir- 
idine 

To a suspension of 1.05 g (5 mmole) of tetramethoxy- 
1,4-benzoquinone in 30 ml of methanol was added a solution 
Of 0.280 ¢g {65 mmole) Of aziridine in 10 mil of methanol. 
The reaction mixture was stirred at room temperature for 
2 days. The resulting reddish-brown 2,5-bis (aziridinyl) - 
3,6-dimethoxy-1,4-benzoquinone was collected by filtration 
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New compounds prepared using these procedures included: 


i 2,5-bis (2“methylaziridinyl) -3,6-dimethyl-1,4-benzo- 
quinones uA 6otyyscldemaps 147-1502% 

Piet Calcd s5 nor. Cy Hy N50? COGS MSOF aye wes 
Rem e Se Merona: 9a, 6S. 217 He Olean, olla 2. 
(ii) 4,5-bis (2-methylaziridinyl) -1,2-benzoquinone in 473% 
SS SI Uo lah 1S oa BC ope es Bar 
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Experiments on the interaction of the aziridino- 


quinones with A DNA were Carried out Jointly by the author, 
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Dr. M.H. Akhtar, and L.W. McLaughlin in our laboratories. 


The following experiment was carried out by Dr. M.H. Akhtar 


in our laboratories. 


Covalent Cross-Linking of DNAS of Different, (GtC) Content 


with 2,5-Bis(aziridinyl) -3,6-dimethoxy-1,4-benzoguinone 


Reactions were Carried Out at plo4. 5 ates using 
the following solutions of natural DNAs. The assays were 
Carried out as described previously. 


(a) C. Perfringens DNA (30% G+C). The reaction 


solution was approximately 1.40 A an DNA, Of 05M in 


260 
OCetcacen DULron PH 4.0010. 05 tg/ iL 2h, ouanene valgus 0 ecu 
tetrehydreturan., “An 1déentical’ control Teaction containing 
no quinone was also prepared and assayed. 

(b) Calf Thymus DNA (403 G4+C). The reaction solu- 


tion was approximately 1.15 A Pi NA; OL Oo= ht ine butter, 


260 
OFOS N68 /i an quinone wand 202) im tetrahydrorturan. ~ An 
identical control reaction containing no quinone was also 
prepared and assayed. 

(c) By Colt DNA (50% GtC). The»réeactton sclution 
was approximately 1.03 Ax 60 im DNA,."0 0s ie in burcer, 
0.05 ug/ul in quinone and 20% in tetrahydrofuran. An 


identical control reaction containing no quinone was also 


prepared and assayed. 
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The following experiments were carried out by Dr. A.R. 
Morgan and D. Johnson in the Department of Biochemistry 


ac Ene University of Alberta, 


Assay for Covalent Cross-Linking of F. Coli DNA using 


S,;-Endonuclease 


These assays were carried out as described in Chap- 


tereiil for mitomycin C using: 57d vend see (R=Ro SCH 3h en). 


ui 3 2 
Results are presented in Tables 19 and 20. 

Assay for Depurination or Depyrimidation of Polynucleotides 
Treated with 2,5-Bis(aziridinyl) -3,6-dimethyl-1,4-benzo- 
quinone 


Poly elendleo 4c Bye Pik (a) eee) A560 was incubated 
ae 37° an 0.05 M sodium acetate bubfer ph 5.0 with 0.36 
ug/uwh Of the’ quinone in 18% aqueous tetrvahydroturan. At 
intervals duplicate samples were removed, placed on What- 


man filter discs, washed twice with 52 trichloroacetic 


acia, then twice with ethanol, dried, and counted, 
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SUMMARY 


In this work various aspects of the physical and 
chemical properties of mitomycin C have been studied in 
order to gain information about the mode of action of this 
clinically important antibiotic and antitumor agent. The 
eye nmr spectra of mitomycin C and the structurally re- 
lated streptonigrin were analyzed and the peaks assigned. 
The strong conjugative interaction between the N-4 nitro- 
gen and the quinone group of mitomycin C, which has been 
proposed as the reason for the stability of the unreduced 
form of the antibiotic, was confirmed. The fully assigned 
136 nmr spectra may prove useful for possible biosynthetic 
studies involving aoe incorporation studies. 

The interaction of mitomycin C with DNA was exam- 
ined using rapid and convenient ethidium fluorescence 
assays. This led to an assay for measuring the ability 
of various alkylating agents to covalently alkylate DNA. 
Work is continuing in this area to quantify this assay 
and to extend it to other systems. Studies of the pH de- 
pendence of covalent cross-linking and alkylation of DNA 
by mitomycin C, as well as work with mitomycin derivatives 
have confirmed, for the first time, the involvement of 
both the aziridine and carbamate groups in the attach- 


ment to DNA. The step-wise nature of covalent cross- 


linking by mitomycin C and the sequence involved has been 
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demonstrated. These results were supported by studies of 

the relative reactivities of the two alkylating groups in 

mitomycin analogs. The observed ability of possible mito- 
mycin C metabolites to cross-link and alkylate DNA raised 

the possibility of the involvement of such metabolites in 

Bie action oc mitomycin Cc. 

It was demonstrated that mitomycin C induces single 
strand scission in DNA by the generation of superoxide and 
hydroxyl radicals. This result contrasts with the prev— 
iously proposed mechanism for mitomycin C induced DNA de- 
gradation and is supported by the recent confirmation 
that mitomycin C facilitates the production of superoxide 


“adical on waphner tem. OF 


Evidence was presented for the 
operation of a proximity effect in the scission process, 
arising from the -covalent interaction with the DNA. Ezx=- 
periments to elucidate the role of the degradation mech- 
aniem in the antetumor action. of mitomycin G can, be en 
visioned. 

Electroanalytical experiments confirmed the short 
life-time of the semiquinone of mitomycin C and continuing 
experiments should provide a detailed description of the 
entire reduction process. 

Work with mitomycin analogs supported the conten- 


tion that the aziridine group of mitomycin C is preferen- 


tially involved in the interaction with DNA. The proposed 
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covalent cross-linking of DNA by aziridinoquinones was 
confirmed and evidence was presented for preferential 
alkylation on guanine. It was demonstrated that cross- 
linking ability shows a fairly good correlation with anti- 
tumor activity.raising the possibility of using the ethid- 
ium fluorescence assay as a convenient pre-screening pro- 
CeCuLre for potenclally tactive compounds. “Thenuecenc 
finding that. the clinically useful aziridinoguinone, tre- 
nimon, facilitates the formation of superoxide radicals > 
along with the detection of quinone induced single strand 
scission of DNA suggests the utility of an investigation 
into the role of DNA degradation in the mechanism of 


action of guinone antitumor agents. 
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